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Abstract 
Emerging contaminants represent newly identified organic chemical pollutants that 
are not yet covered by routine monitoring and regulatory programs. Current research 
on these contaminants is greatly hindered by the shortage of analytical methods due to 
the complex matrices, extremely low concentration and their “emerging” nature. In 
this study the innovative analytical and monitoring methods have been developed and 
validated for determination of emerging pollutants in water (including pharmaceutical 
and personal care products, pesticides and artificial sweeteners) based on 
graphene-silica composite as the solid-phase extraction (SPE) sorbent and as the 
receiving phase in passive sampler. 
Graphene, a new allotropic member in the carbon family, has been considered to be a 
promising candidate for sorption material with high loading capacity because of its 
ultra-high specific surface area and large delocalized π-electron-rich structure. The 
composite employed in this work was synthesized by using the cross-link agent to 
covalently combine carboxylic acid groups of graphene-oxide with the amino groups 
of the modified silica gel. Afterwards, graphene-silica composite was obtained after 
treated with hydrothermal reaction in the microwave autoclave, which was 
demonstrated by X-ray diffraction (XRD). 
The analytical procedure entails SPE followed by high performance liquid 
chromatography equipped with tandem mass spectrometers (HPLC-MS/MS). Several 
crucial parameters were optimized to improve recovery of the analytes, including the 
amount of sorbents, the ratio of graphene oxide/amino-silica and pH value of water 
samples. The best recovery results were achieved with 100 mg 10 % (w/w) 
graphene-silica composite, which were over 70 % except four artificial sweeteners, 
ranitidine and triclosan. Compared with its commercial counterpart Oasis HLB, pH 
value variation of water samples has less effect on the recoveries, making graphene 
composite to be a potential receiving phase of monitoring tool. The batch-to-batch 
reproducibility was verified on six independently SPE cartridges with graphene-silica 
composites from two repeatable synthetic batches, showing relative standard 
deviations (RSDs) in the range of 8.3 % to 19.1 %, except ibuprofen and saccharin. 
The cartridges proved to be reusable for at least 10 times consecutive extractions, with 
RSD < 14.9 %, except ibuprofen and diclofenac. 
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The Chemcatcher® passive sampler is frequently used for monitoring polar organic 
chemicals in surface water. Uptake kinetics is necessary to be quantified to calculate 
time-weighted average (TWA) concentration. A series of calibration experiments 
were conducted in the beaker renewal experiments as well as in the flow-through 
system with styrenedivinylbenzene-cross connect (SDB-XC) disks and 
graphene-silica composite as the receiving phase. 
The results obtained from the beaker renewal experiments showed that the uptake 
kinetics of accumulated compounds with all Chemcatcher® configurations can keep 
linear within 2 weeks. The innovative configuration using graphene-silica composite 
powder placed between two PES membranes was able to accumulate eleven of the 
selected compounds with uptake rate (Rs) from 0.01 L/day (acesulfame K and 
sucralose) to 0.08 L/day (chlothianidin), while its commercial counterpart SDB-XC 
disks with polyethersulfone (PES) membranes can accumulate seven substances with 
Rs from 0.02 L/day (sucralose and chlothianidin) to 0.15 L/day (carbamazepine). In 
the flow-through system, when Chemcatchers® were equipped with SDB-XC disks 
without PES membranes, the linear uptake range for the majority of compounds was 
only in one week, except atrazine. The Rs of accumulated compounds were from 
0.16 L/day (chloramphenicol) to 1.04 L/day (metoprolol) that are higher than the 
same substances in the beaker renewal experiments, in which the Rs of 
chloramphenicol and metoprolol were 0.09 L/day and 0.56 L/day respectively. 
However, if the PES membranes were employed, the uptake kinetics in both 
calibration experimental designs were comparable: the Rs of accumulated compounds 
from the configuration with SDB-XC disks covered by PES membranes were from 
0.035 L/day (sucralose) to 0.17 L/day (carbamazepine) and from the configuration 
with graphene-silica composite were from 0.01 L/day (gemfibrozil) to 0.08 L/day 
(chlothianidin). Moreover, the uptake range can keep linear within two weeks. The 
developed Chemcatcher® method was successfully applied in real surface waters. 1-H 
benzontriazole, tolyltriazole and caffeine were the main contaminants in Elbe River 
and the Saidenbach drinking water reservoir. The investigated results between 
summer and autumn monitoring period were not significantly different. 
 
Keywords: Water analytics, Emerging contaminants, Graphene-silica composite, 
Solid-phase extraction, Passive sampler
V 
Zusammenfassung 
Unter dem Begriff „Emerging contaminants“ werden neu identifizierte, in der Umwelt 
auftretende, organische Spurenstoffe zusammengefasst, die bisher noch nicht durch 
Routineüberwachungsverfahren und Regulierungsprogramme erfasst werden. Die 
aktuelle Forschung zu diesen Spurenstoffen wird durch den Mangel an 
Analysemethoden aufgrund der komplexen Matrices und der extrem niedrigen 
Konzentrationen sehr erschwert. Im Rahmen dieser Arbeit wurden innovative 
Analyse- und Monitoringmethoden für in Wasser auftretende emerging contaminants 
(einschließlich Pharmaka und Substanzen aus Körperpflegeprodukten, Pestiziden und 
künstlichen Süßstoffen) entwickelt und validiert. Dazu wurde ein 
Graphen-Kieselgel-Komposit-Material als Sorbens bei der Festphasenextraktion (SPE) 
und in Passiv-Sammlern eingesetzt. 
Graphen, ein neues allotropes Mitglied der Kohlenstofffamilie, wurde als 
vielversprechender Kandidat für Sorptionsmaterialen mit hoher Beladungskapazität 
angesehen, da es eine extrem hohe spezifische Oberfläche und eine große 
delokalisierte π-Elektronen-Struktur aufweist. Der in dieser Arbeit verwendete 
Verbundstoff wurde unter Verwendung eines Vernetzungsmittels synthetisiert, 
wodurch die Carbonsäuregruppen des Graphenoxids kovalent mit den Aminogruppen 
des modifizierten Kieselgels verbunden wurden. Nach der anschließenden 
hydrothermalen Reaktion im Mikrowellenautoklaven wurde ein 
Graphen-Siliciumdioxid-Komposit erhalten, was die Ergebnisse der 
Röntgenbeugungsexperimente (XRD) bestätigten. 
Das Analyseverfahren umfasst die Anreicherung mittels SPE, gefolgt von einer 
Hochleistungsflüssigkeitschromatographie gekoppelt mit einem 
Tandem-Massenspektrometer (HPLC-MS/MS) zur Trennung und Detektion der 
Analyten. Einige wichtige Parameter wurden optimiert, um die Wiederfindungsrate 
der Analyten zu verbessern, darunter die Menge der Sorbentien, das Verhältnis von 
Graphenoxid zu Amino-Kieselgel und der pH-Wert der Wasserproben. Die besten 
Wiederfindungsraten wurden mit 100 mg 10 % (w/w) Graphen-Kieselgel-Komposit 
erzielt. Dabei wurden für alle Analyten, mit Ausnahme von vier künstlichen 
Süßungsmitteln, sowie Ranitidin und Triclosan, Wiederfindungsraten von mehr als 
70 % erhalten. Im Vergleich zu dem kommerziellen Pendant Oasis HLB hatten 
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pH-Wert-Variationen nur einen geringen Einfluss auf die Wiederfindung. Daher 
eignet sich dieses Material potentiell als Sorbens für den Einsatz in 
Monitoringkampagnen. Die Reproduzierbarkeit wurde mit sechs unabhängigen 
SPE-Kartuschen mit Graphen-Kieselgel-Komposit aus zwei verschiedenen 
Synthese-Ansätzen überprüft. Dabei wurden für alle Analyten, mit Ausnahme von 
Ibuprofen und Saccharin, Standardabweichungen im Bereich von 8,3 % bis 19,1 % 
erreicht. Darüber hinaus belegen die Versuche zur Wiederverwendbarkeit der 
Kartusche, dass diese mindestens 10-mal nacheinander eingesetzt werden können, 
wobei die Standardabweichungen, außer bei Ibuprofen und Diclofenac, stets unter 
14,9 % lagen. 
Der Passiv-Sammler Chemcatcher® wird häufig zur Überwachung polarer organischer 
Chemikalien in Oberflächengewässern eingesetzt. Zur Berechnung der zeitlich 
gewichteten durchschnittlichen Konzentration (time-weighted average Konzentration, 
TWA-Konzentration) muss zunächst die Aufnahmekinetik untersucht werden. Eine 
Reihe von Kalibrierexperimenten wurde sowohl im Batch-Versuch als auch im 
Durchflusssystem mit SDB-XC-Disks und Graphen-Kieselgel-Komposit als 
Empfangsphase durchgeführt. 
Die Ergebnisse der Batch-Experimente zeigten, dass die Aufnahmekinetik der 
akkumulierten Verbindungen mit allen Chemcatcher®-Konfigurationen innerhalb von 
2 Wochen linear verläuft. Die innovative Konfiguration unter Verwendung von 
Graphen-Siliciumdioxid-Kompositpulver, das zwischen zwei PES-Membranen 
platziert wurde, konnte elf der ausgewählten Verbindungen mit einer Aufnahmerate 
(Rs) von 0,01 L/Tag (Acesulfam K und Sucralose) bis 0,08 L/Tag (Chlothianidin) 
akkumulieren. Die im Handel erhältlichen SDB-XC-Disks mit PES-Membranen 
können sieben Substanzen mit Aufnahmeraten im Bereich von 0,02 L/Tag (Sucralose 
und Chlothianidin) bis 0,15 L/Tag (Carbamazepin) akkumulieren. Beim Einsatz von 
Chemcatcher® im Durchflusssystem mit SDB-XC-Disks ohne PES-Membranen 
betrug der Zeitraum, indem eine lineare Akkumulation erfolgte, für die meisten 
Verbindungen, mit Ausnahme von Atrazin, nur eine Woche. Die Aufnahmeraten der 
akkumulierten Verbindungen  lagen im Bereich von 0,16 L/Tag (Chloramphenicol) 
bis 1,04 L/Tag (Metoprolol). Somit wurden im Vergleich zum Batch-Experiment, bei 
denen die Rs von Chloramphenicol und Metoprolol 0,09 L/Tag beziehungsweise 0,56 
L/Tag betrugen, für die gleichen Substanzen höhere Rs erhalten. Im Gegensatz dazu 
wurde bei der Verwendung von PES-Membranen unabhängig vom experimentellen 
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Kalibierdesign eine vergleichbare Sorptionskinetik erhalten. Die Rs der akkumulierten 
Verbindungen aus dem Experiment mit SDB-XC-Disks, in Kombination mit 
PES-Membranen, betrugen 0,035 L/Tag (Sucralose) bis 0,17 L/Tag (Carbamazepin), 
während die Kombinationmit Graphen-Kieselgel-Komposit 0,01 L/Tag (Gemfibrozil) 
bis 0,08 L/Tag (Chlothianidin) betrugen. Darüber hinaus blieb der Aufnahmebereich 
über zwei Wochen hinweg linear. Die entwickelte Chemcatcher®-Methode wurde 
erfolgreich in realen Oberflächengewässern angewendet. 1-H-Benzontriazol, 
Tolyltriazol und Koffein waren die Hauptverunreinigungen, die in der Elbe und im 
Trinkwasserreservoir Talsperre Saidenbach nachgewiesen werden konnten. Die 
untersuchten Ergebnisse zwischen Sommer- und Herbstmonitoring zeigten keine 
signifikanten Unterschiede. 
 
Schlüsselwörter: Wasseranalytik, Emerging contaminants, 
Graphen-Kieselgel-Komposit, Festphasenextraktion, Passiver-Sammler
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1. Motivation 
Considerable attentions have been attracted towards the emerging contaminants, 
which are widespread present in the aquatic environment. The open list of emerging 
contaminants encompasses a wide spectrum of chemicals, such as pharmaceuticals 
and personal care products (PPCPs), endocrine disrupting chemicals, food additives, 
and nanoparticles. Although their ecological impact of exposure at trace levels is 
relatively unknown, their continuous use and discharge patterns make them persistent 
in the environment that results in chronic adverse effects on both aquatic life and 
human health. 
The analytical techniques for detecting organic contaminants are continually being 
improved, however, in term of emerging pollutants, analytical standards and 
monitoring methods are still missing. Direct analysis work is a great challenge since 
the emerging contaminants occur frequently at extremely low concentration in the 
complex environmental matrixes with high concentrations of interfering compounds. 
Moreover most of them are polar/ hydrophilic, resulting in several problems when the 
existing commercial solid-phase extraction (SPE) sorbents are employed, such as low 
recoveries and long time need (due to the inevitable pH adjustment steps). Thus it is 
necessary to develop the new enrichment material in order to obtain a better approach. 
Besides the development of analytical method, there is also an increasing requirement 
for the monitoring of water quality. Conventional monitoring methods for surface 
water rely on discontinuous spot grab sampling at fixed interval time followed by a 
laboratory-based extraction and determination of compounds of interest. However, 
these methods only give a snapshot of the concentration levels at the sampling time 
and may miss spontaneous and periodic fluctuations in the concentration of pollutants. 
Passive samplers represent the promising alternative. Among them, Chemcatcher® has 
been developed for monitoring the polar compounds in recent years. By choosing the 
type of receiving phase and the alternative membranes, the selectivity and the 
accumulation of the selected compounds are regulated. However, the calibration data 
of application of Chemcatcher® for monitoring emerging pollutants are still very rare. 
As the new allotropic member of carbon family, graphene has become a promising 
candidate for sorption material. Its large delocalized π-electron system also endows 
graphene a strong affinity for aromatic ring structures, which are widely present in 
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pharmaceuticals and biomolecules, enabling it to be applied potentially as SPE 
sorbent or as the possible receiving phase in the passive sampler. 
Consequently, in order to determine the polar emerging contaminants in the surface 
water, this work is intended to employ graphene-silica composite as enrichment 
sorbent in the SPE process and as the receiving phase of Chemcatcher®. Therefore, 
the aims of the research presented here are to provide insight with regards to the 
following aspects: 
1) Synthesis of graphene composite; 
2) Optimization of the graphene-silica composite as sorbent in the SPE process; 
3) Supplement calibration data of the commercial disks (SDB-XC) as the receiving 
phase in Chemcatcher®; 
4) Feasibility test of the graphene-silica composite as the receiving phase in 
Chemcatcher®; 
5) Application of the developed analytical and monitoring methods to determine the 
selected contaminants in the Elbe River (Dresden) and in a drinking water 
reservoir (Saidenbach). 
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2. Introduction 
2.1 Emerging contaminants 
2.1.1 Definition 
Over the past decade, considerable attentions have been attracted towards the 
emerging contaminants, which are defined by the United States-Environmental 
Protection Agency (US EPA) as the chemicals that are not currently covered by 
regulatory status but may pose potential threats to the environmental ecosystems as 
well as human health [1-2]. The open list of emerging contaminants encompasses a 
wide spectrum of chemicals, such as pharmaceuticals and personal care products 
(PPCPs), endocrine disrupting chemicals, food additives, and nanoparticles (Table 
2-1). The term “emerging” is somewhat misleading since these compounds are not 
necessarily new substances. They may be present in the environment for years, but 
only recently “emerge” into the spotlight due to the advance in analytical chemistry 
and increased knowledge of their toxicity [3]. 
2.1.2 Sources 
Emerging contaminants have been found in various aquatic environments of 
populated areas [4-5]. Their major route into the environment is considered to be 
through sewage systems while other important sources of these contaminants include 
landfill leachate, industrial discharge, leaking storage tanks and so on (Figure 2-1). 
The widespread occurrence of these pollutants in the aquatic environment can be 
explained by their extensive use in the daily life and their incomplete removal in the 
wastewater treatment plants (WWTP) [6]. The first European Union (EU)-wide study 
on the occurrence of 36 emerging polar pollutants in WWTP effluents and the 
receiving surface water bodies was reported by Reemtsma et al. [7]. As a result, half of 
the determined compounds were not significantly removed in the tertiary wastewater 
treatment. Moreover it was demonstrated that carbamazepine (a widely used 
antiepileptic drug) as an example, has an extremely low removal rate (lower than 7%) 
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in the WWTP and thus can be used as an excellent tracer substance for 
pharmaceutical agents in the water environment [8].  
 
Table 2-1: Open list of typical emerging contaminants in the aquatic environment. 
Category Branches and examples 
PPCPs 
Pharmaceuticals 
 Medicines: anticonvulsant and antidepressant 
drugs; β-blockers; lipid regulators 
 Antibiotics 
 Contrast medium: e.g. iopromide 
 Abuse of drugs 
Personal care products 
 Antibacterial and antifungal agents: e.g. 
triclosan 
 Sunscreens 
 Synthetic musk 
Endocrine 
disrupting 
chemicals 
Steroid hormones  e.g. estrone, 17α/β-estradiol, estriol, etc. 
Pesticides and herbicides  e.g. acetamiprid, atrazine, clothianidin, etc. 
Industrial additives and agents 
 Flame retardants: e.g. polybrominated 
diphenyl ethers (PBDEs) 
 Surfactants: e.g. alkylphenol, etc. 
 Plasticizer: e.g. phthalates, bisphenol A, etc. 
 Restrainer: e.g. triazoles, etc. 
Others  Swimming pool disinfection by-products  
Food 
additives 
Artificial sweeteners  e.g. aspartame, sucralose, etc. 
Nanomaterial Micro-plastics 
 Acrylic, melamine, polyester, etc. (particles 
<5 mm) 
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Figure 2-1: Distribution of emerging contaminants in the environment [6]. 
2.1.3 Concern about the adverse impacts 
Although these emerging contaminants were only found at trace or ultra-trace 
concentrations (typical relevant range from ng/L to µg/L) and their ecological impacts 
of exposure at such trace levels are relatively unknown, their continuous use and 
discharge patterns make them pseudo persistent that may result in chronic adverse 
effect on both aquatic life and human health [9-10]. 
Pharmaceuticals and biocides are developed with the purpose of producing biological 
effects, thus their residues, metabolites and transformation products in the 
environment can cause different eco-toxicological impacts, which are difficult to be 
predicted in the complex matrices. The possible outcomes include the effect of 
endocrine disruptors on aquatic organism, the creation of antibiotic-resistant bacteria 
due to the exposure to antibiotics in the environment, and potentially 
neurotoxic/mutagenic effect [9, 11] The industrial additives and agents, like plasticizers, 
help to change several characteristics of industrialized material, but they are 
potentially carcinogenic and disrupt the endocrine system [9]. 
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Artificial sweeteners are used as sugar substitutes in abundant food and beverages, 
sanitary products and pharmaceuticals. The consumption of these sweeteners is 
preferred because they do not provide calories and their sweetness is quite intense 
without causing blood glucose levels to rise [12]. However, as food additives, their use 
is often controversial due to suspicions of adverse health effects [13-14]. Currently 
seven artificial sweeteners are permitted as food additives within the EU: they are 
acesulfame, aspartame, cyclamate, neohesperidine dihydrochalcone, saccharin, 
sucralose, and steviol glycosides [ 15 -17], however cyclamate and neohesperidine 
dihydrochalcone are not included on the list of artificial sweeteners allowed in the US 
due to the potential health risks [18]. Artificial sweeteners are not metabolized and are 
excreted unchanged by the kidney. After being excreted by the human bodies and 
discharged from households and industries, these substances reach the sewage 
treatment plants. Relative high concentrations of acesulfame, cyclamate and sucralose 
are found in the raw wastewater samples and they are incomplete removed by 
conventional water treatment processes due to their extreme stability under biological, 
physical and chemical exposure [19]. Consequently, they end up in the receiving 
ground and surface waters, which are used for drinking water production [20]. In 
contrast to other emerging trace contaminants, artificial sweeteners have been 
considered in the environment science only very recently with the first report in 2008 
[ 21 ], however they rapidly attracted public attentions due to their ubiquitous 
distribution in the aquatic environment and even in the drinking water [ 22 - 23 ]. 
Moreover, the concentrations of artificial sweeteners like sucralose and acesulfame K, 
were often found above 1 µg/L in surface water, which were much higher than most 
of emerging contaminants [24].  
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2.2 Analysis of the emerging contaminants 
2.2.1 General analytical process 
Obtaining the accurate data of the concentrations of pollutants in the environment is 
the key step for understanding their occurrence, fate, and potential biological impact. 
A scheme of the general analytical process for the determination of pollutants in water 
samples is presented in Figure 2-2 [ 25 ]. Although the analytical techniques for 
detecting organic contaminants are continually being improved and refined, especially 
thanks to the chromatographic technique and mass spectrum instrumentation that also 
facilitates the QuEChERS (quick, easy, cheap, effective, rugged, and safe) analysis, 
direct analysis work is a great challenge since most of the emerging pollutants that 
occur at extremely low concentrations within the complex environmental matrices. 
The use of restricted-access material can reduce the matrix effect for the direct 
analysis [ 26 ], however, in most case, pre-treatment is still an unavoidable step 
necessary before the measurement, which may include filtration, pH adjustment 
followed by extraction/enrichment procedures. Currently, sample pre-treatment is 
moving towards environment-friendly, low cost, miniaturization, automation, 
simplicity, and fast analysis [27].  
Water Samples
Filtration, pH adjustment, etc.
LLE, SPE, SPME, etc.
LC-(MS/MS), CE, IC
Silylation, alkylation, acylation
GC-(MS)
Sample pre-treatment
Extraction or enrichment
Derivatization
Separation or determination
 
Figure 2-2: General analytical process of pollutants in water samples (excluding sampling) [25]. 
LLE: Liquid-liquid extraction, SPE: Solid-phase extraction, SPME: Solid-phase microextraction 
LC: Liquid chromatography, CE: Capillary electrophoresis, IC: Ion chromatography, GC: Gas 
chromatography 
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However, standards of analytical and monitoring methods of emerging contaminants 
are still missing due to their “emerging” nature. Furthermore, most of the emerging 
pollutants of concern are polar, hydrophilic compounds with low n-octanol/water 
partition coefficient (log Kow), which is putting forward another challenge to the 
enrichment process. 
2.2.2 Enrichment techniques 
Enrichment technique is the method that utilizes immiscibility properties of organic 
solvents or the retention ability of solid sorbents to partition target analytes from large 
volumes of raw samples to the solvents or the solid sorbents. Afterwards the selected 
compounds are removed by a small volume of an eluent to ensure that the analytes 
can be found at the suitable concentration level for the following measurement. In 
terms of the emerging contaminants, the commonly used enrichment techniques 
include liquid-liquid extraction (LLE) (see Section 2.2.2.1), solid-phase extraction 
(SPE) (see Section 2.2.2.2) and novel developed SPE methods (see Section 2.2.2.3), 
such as dispersive SPE (d-SPE), solid-phase microextraction (SPME), and stir-bar 
sorptive extraction (SBSE). Other techniques used for the analysis of the volatile 
compounds, like headspace (HS) and purge and trap (P&T) technique, are applicable 
to very few of the emerging pollutants (or the polar target analytes) due to their ionic 
character, low volatility and high water solubility [25]. 
2.2.2.1 Liquid-liquid extraction (LLE) 
LLE technique is one of the oldest well-developed sample enrichment methods that 
partitions solutes between two phases. To extract the organic compounds from water, 
ethyl acetate is the most widely used solvent and others include hexane, isooctane, 
toluene, chloroform and methylcyclohexane are also reported [28]. The consumption of 
large volumes of organic solvents which are environment-unfriendly is the main 
drawback of this method. For this reason, LLE has remained important for only a few 
applications that are compound-depending, such as determination of haloacetic acids 
and dalapon by US EPA [29]. Despite its shortcoming, LLE has been recently reported 
for extraction of pharmaceuticals and hormones from aquatic samples [30-32]. 
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As the requirement of the green analytical chemistry, the noteworthy development of 
LLE is to reduce the consumption of extraction solvent (in picoliter to the microliter 
range) without compromising the extraction rate. This so-called liquid-phase 
microextraction (LPME) technique has been developed. To be specific, the dispersive 
LPME (d-LPME) [33-34], hollow fiber LPME [35], and membrane-assisted solvent 
extraction (MASE) [36-37] have been reported to extract the alkylphenols, bisphenol A, 
benzoylurea insecticides and endocrine disrupting chemicals from water samples. 
Besides, pressurized liquid extraction (PLE), approved by US EPA as a standard 
method in 1996 [38], is also applied for the extraction of PPCPs in biological samples 
in Germany [39]. By means of the conventional solvents at elevated temperature (100 
to 180 °C) and pressure (103 to 138 bar), the extraction solvent can reach the higher 
temperature above its boiling point, so that the extraction rate can be enhanced due to 
reduced surface tension and lower viscosity [38]. 
However, the choice of solvent is limited and these approaches either use expensive 
specialized equipment or have to conduct under the extreme conditions, thus it is 
difficult to achieve automation. Therefore, conventional off-line or on-line SPE is still 
more preferred [40]. 
2.2.2.2 Solid-phase extraction (SPE) 
SPE is the most commonly used approach for extraction of polar organic 
micropollutants from water samples due to its high recoveries and enrichment factors 
[41-42]. Compared to the LLE technique, low consumption of organic solvents, no 
limitation of solvents and the possibility of combining with chromatographic or 
spectroscopic technique are its great advantages. 
The principle of SPE 
A number of solute retention mechanisms are assumed to govern the process [42]. 
Generally SPE is achieved through the interaction of three components: the sorbent, 
the analyte and the elution solvent. The analytes should have stronger affinity for the 
solid phase than for the sample matrix, and the compounds retained on the sorbent can 
be removed in the next section, which is conducted by eluting with the selected 
solvent with higher affinity in comparison to the solid phase.  
Theoretically the approaches are classified based on that how compounds are retained 
by the sorbent (Table 2-2) [41]. Reversed-phase SPE (RP-SPE) involves the 
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partitioning of organic solutes from a polar mobile phase, such as water, into a 
nonpolar solid phase, such as C18 sorbent. The partitioning mechanism mainly refers 
to dispersion forces, which is regulated by the difference in the chemical potential of 
the solute between the two phases. Normal-phase SPE (NP-SPE) refers to the 
mechanism of sorption where polar surface sorbs an analyte from a nonpolar solvent 
based on polar interaction, such as hydrogen bonding, dipole-dipole interactions, and 
dipole-induced dipole interactions. The process involves the sorption of the functional 
groups the solute to the polar sites of the packing material versus competing against 
the solubility of the solute in the mobile phase. The function groups that are capable 
of hydrogen bonding and polar interaction include hydroxyls, amines, carbonyls, 
aromatic rings, and groups containing heteroatoms, such as oxygen, nitrogen, sulfur, 
and phosphorus. Ion-exchange SPE (IE-SPE) sorbents consist of hydrophilic 
ion-exchange groups that are attached to a backbone of the synthetic organic polymer, 
or resins. The hydrophilic ion-exchange group is capable of exchanging either a 
cation or anion with free cation or anion in the solution [43]. 
Table 2-2: Theoretical classification of the SPE approach. 
Category Description 
Primary interaction between analytes and 
sorbents 
RP-SPE 
The analytes of interest are 
typically mid- to non- polar in the 
polar liquid matrix while the 
sorbent is the nonpolar modified 
stationary phase. 
Hydrophobic interactions: 
 dispersion force 
NP-SPE 
The procedure involves the polar 
analytes in mid- to non- polar 
matrix (e.g. acetone, chlorinated 
solvents) while the sorbent is polar 
modified solid phase. 
Hydrophilic interactions: 
 hydrogen bonding 
 dipole-dipole interaction 
 dipole-induced dipole interaction 
IE-SPE 
IE-SPE can be used for compounds 
that are charged in the solution. 
 Electrostatic attraction of charged group 
on compound by a charged group on the 
sorbent’s surface 
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Sorbents 
High recovery can be obtained only if the suitable solid sorbent and solvent are 
chosen for the particular application. Therefore, the sorbent is the one of the core parts 
of this approach. With regard to the commercial SPE technique, four types of sorbent 
formats are available: free disks (which are generally 47 mm in diameter), powder 
sorbent in syringe barrels-cartridge (which varies in size from 1 mL to 6 mL), 
microtiter plate that uses the 1 mL disk (most commonly used is the 96-well 
microtiter plate configuration), and the SPE pipette tip. In the commercial field, it is 
more likely to classify the sorbents according to their materials, such as classical 
silica-bonded sorbents, divinylbenzene (DVB) copolymer sorbents and so on. 
For many years alkyl-bonded silica (C18 or its less-extent chain counterpart 
octyl-silica C8) used as the sorbent of the RP-SPE has been achieved great successes 
when extraction of organic pollutants from the environmental samples is mentioned 
[ 44 -46]. The application of these low-cost silica-bonded sorbents provides high 
recoveries of neutral and non-polar organic analytes. In terms of enrichment of the 
polar emerging contaminants, C18 cartridges and disk have been also successfully 
employed for the extraction of acidic drugs [47-48] and pesticides [49] by adjusting the 
sample pH to 2-3, by which the weakly acidic compounds can be brought into the 
neutral species. However, pH adjustment of samples is limited by the stability of the 
silica [25]. Another problem encountered with this material is the residual silanol 
groups even when end-capped cartridges are used, which can interact with these 
analytes and cause the uncomplete recoveries of some strong polar drugs and their 
metabolites (e.g. salicylic acid, hydroxyl-ibuprofen, etc.) [50-51]. Therefore, these 
strategies cannot be applied to strongly acidic or basic analytes or to permanently 
charged species [25]. 
Major progress in the development of SPE sorbent for polar analytes came with the 
development of DVB copolymer materials. They can offer π-π interaction and at the 
same time, the copolymer can be chemically modified by introducing more polar 
groups. One of the breaking point has been the development of a new DVB 
copolymer sorbent—hydrophilic lipophilic balanced (HLB) sorbent, which is the most 
preferred SPE sorbent due to the improved recoveries and good extraction efficiency 
[52-53]. Take the structure of Oasis HLB from Waters as an example (shown in Figure 
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2-3). It indicated that this macro-porous copolymer is made from the specific ratio of 
two monomers: the hydrophilic N-vinylpyrrolidone and the lipophilic DVB. The 
DVB groups can offer π-π interactions, increasing the retention of compounds that 
contain aromatic rings, while the hydrophilic N-vinylpyrrolidone groups increase the 
wettability of the sorbent and offer dipole-dipole and H-bonding interaction sites. 
These two monomers construct a hydrophilic-lipophilic balance thus provide super 
reversed-phase capacity with a neutral polar “hook” for enhanced retention of polar 
analytes. This new generation of polymers is designed to extract an extensive 
spectrum of analytes, i.e. lipophilic, hydrophobic, acidic, basic, and neutral, by a 
single cartridge with a simplified procedure [54]. 
 
Figure 2-3: Molecular structure of Oasis HLB (specific surface area: 810 m2/g, average pore 
size 80 Å, total pore volume: 1.3 cm3/g) [54]. 
In recent studies, Oasis HLB has been proved to provide satisfactory recoveries for 
the determination of a large number of polar emerging contaminants in the aquatic 
samples as well, especially if the aim is the isolation of multi-class pollutants with 
differing physicochemical properties [5, 52, 55]. Moreover no significant breakthrough 
has been detected even after the extraction (60 mg HLB sorbent) of acidic herbicides 
and pharmaceuticals in 2 L water adjusted at pH 2 [56]. However, in order to achieve 
satisfactory recoveries for some analytes (e.g. artificial sweeteners), pH adjustment or 
sample buffering has to be conducted, which are time-consuming for comprehensive 
environment investigations [53, 57]. Furthermore, this material also suffers downsides 
for the extraction of permanently charged or very acidic or basic compounds.
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To solve the problems above, the mixed-mode materials are required. With an 
ion-exchange group introduced into the copolymer, these materials offer electrostatic 
attraction of charged group on compound while the DVB core still exert for the more 
hydrophobic parts, which allows the retention of the target compounds with a wide 
range of polarity [25]. For instance, a mixed-mode anion-exchange material has been 
employed for extraction of fluoroquinolone antibiotics [58]. On the other hand, the SPE 
of diquat and paraquat [ 59 ] from the water samples was achieved by using a 
mixed-mode cation-exchange cartridge. 
In addition to the above mentioned commercial sorbents, development of the new 
materials for pre-treatment of the emerging pollutants is a sector at the cutting edge of 
analytical chemistry. Over the past decade, attentions have mainly been focused on 
novel materials, such as carbon nanostructure material (detail described in Section 
2.3), ionic liquids (ILs) [60], metallic nanoparticles, and metal-organic frameworks 
(MOFs) materials, which are either applied as new sorbents or used to modify the 
commercial materials [61-62]. 
2.2.2.3 Innovative type of solid-phase extraction 
Apart from the efforts on the development of the new materials, different solutions are 
studied to overcome the inevitable problems encountered when conventional cartridge 
SPE was employed (e.g. cartridge blockage, channeling effects, and breakthrough 
phenomena). Alternative extraction modes (e.g. dispersive SPE) and new sorbent 
formations, like fibers and bars (named “solid-phase microextraction” and “stir-bar 
sorptive extraction” respectively) have proved to be particularly efficient. 
Dispersive SPE (d-SPE) 
Instead of packing the sorbent into SPE cartridges, d-SPE is a simplified version of 
SPE, based on the uniform dispersion of the sorbent into sample solution/suspension. 
After the equilibration, the sorbent is separated by using centrifugation and washed 
with an appropriate solvent to recover the analytes [63]. The higher recovery yielded 
due to the increased active contact area between the sorbent and the analytes. So far, 
the technique has profitably applied for the isolation of pesticides [64], herbicides [65], 
and phthalate acid esters [66]. However, this dispersive SPE (d-SPE) is difficult to 
automatize since it requires two centrifugation steps, which limits its applicability [67]. 
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Magnetic solid-phase extraction (MSPE) is an innovative d-SPE approach. The 
sorbents are based on the combination of the functionalized superparamagnetic 
material with non-magnetic sorbent [68]. In contrast to the conventional d-SPE method, 
the sorbent with adsorbed analytes can be recovered from the suspension by using an 
external magnetic field. In this case, the centrifugation or filtration step is not needed. 
The magnetic particles were typically encapsulated with silica or polymer shells to 
prevent them from being oxidized and to facilitate further modification [69]. Nowadays 
the development of the magnetic sorbent combined with nanostructure materials for 
analysis emerging chemical contaminates has been a highly active research area [62]. 
Another development by using molecularly imprinted polymers (MIPs) is expected to 
be an interesting alternative when the specificity of SPE is desired [70-71]. These 
materials are obtained by polymerizing functional and cross-linking monomers 
around a template molecule; the latter is subsequently removed, leaving a cavity 
complementary to the target compound. Overwhelming advantages are the high 
recognition ability and the significant one-step removal of the interfering compounds. 
The recent innovation research has been focused on the combination with novel 
material as well. For example with the encapsulation of magnetic nanoparticles into 
MIPs, the satisfactory recoveries of bisphenol A [72-73], estrogenic compounds[74], 
herbicides [75], chlorophenols [76], and microcystins [77] from aqueous samples were 
obtained. Nevertheless, this method is infrequently used because of the partial 
mismatch between the solvents used in MIP-SPE and the mobile phase for RP-LC 
separation [67]. 
Solid-phase microextraction (SPME) 
Microextraction technique is described as non-exhaustive sample preparation that 
utilizes a little volume of the extraction phase (µL) relative to the sample volume [78]. 
In the SPME technique, the fiber or the wire coated with solid sorbent is exposed to 
the liquid sample or headspace above the sample (volatile analytes). After adsorption 
equilibrium is reached, the wire is withdrawn from the sample and analytes are 
thermally desorbed in the case of GC measurement or eluted with a suitable solvent 
for LC analysis. A clear advantage of the miniaturized size is the portability of the 
devices, which greatly facilitates implementation of on-site sampling and reduces 
errors associated with sample transportation and possible alteration during storage [67].. 
Additionally, only a small volume of solvent is needed during the elution process. As 
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official methods and standards, the application of SPME has been significantly 
increasing due to the possibility of automation to the analysis instrument, such as 
US-EPA 8272-2007 (analysis of polycyclic aromatic hydrocarbons (PAHs) in 
sediment water) [79], International Standardization Organization (ISO) 27108-2013 
(analysis of pesticides in water) [80], ISO 17943-2016 (analysis of volatile organic 
compounds (VOCs) in water) [81]. Numerous studies focused on coating with the 
novel materials (e.g. MOFs [82], nanostructure material [83]) on the fiber. Among them, 
ILs and polymeric ILs have attained notable success, with the main advantage of its 
possibility of tuning its polarity to enhance specific interactions with target analytes 
[84]. However, the limitation of this technique is related to limited polymeric extraction 
phase. The lifespan of the fiber depends on the material, but often is too short. 
Stir-bar sorptive extraction (SBSE) 
The SBSE was initially introduced in 1999 as a sample preparation technique [85], 
which is usually performed on a magnetic stirrer coated with polydimethylsiloxane 
(PDMS). However, for years, the single commercially available coating PDMS has 
become its principal limitation, making the application of SBSE focusing only on 
non-polar or moderately polar analytes. In recent years, there has been growing 
interest in developing more polar in-house coating for SBSE, including 
PDMS-modified coating and monolithic materials [86]. With the help of sol-gel 
technology, the thermally and mechanically stable films with long lifetimes can be 
obtained. When more polar sol-gel precursors were applied, such as β-cyclodextrin, 
the modified PDMS coating can be used for extraction of brominated flame retardants 
(BFRs) [87], steroid hormones [88], and estrogens [89]. Moreover, SBSE based on sol-gel 
amino-modified multi-walled carbon nanotube-PDMS [90] or on a MOF material [91] to 
determine the emerging compounds was developed as well. 
2.2.3 Analytical methods 
Since the late 1980s, liquid chromatography (LC) has rapidly grown in popularity as 
technique for analysis of the environmental and biological samples. Initially 
ultraviolet (UV) detector, diode-array detector, and fluorescence detector are the 
detectors commonly combined with LC. However, due to their limitation of 
sensitivity and selectivity, LC-based methods have rapidly gained ground only until 
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atmospheric pressure ionization (API) mass spectrometers (MS) came into the market, 
resulting in robust and versatile LC-MS instrumentation [25]. Compared to gas 
chromatography (GC), it offers a series of advantages: a) directly large volume 
injection of aqueous samples into the chromatographic system; b) elimination of the 
derivatization step of non-volatile and heat-labile compounds; c) increase of the 
number of analyzable chemicals; d) reduction of total analysis time. In view of 
analysis of emerging polar substances, many of which are ionic and thermally labile, 
the main difficulty of determination by GC is the need for derivatization [25]. 
Therefore, by far LC coupled with MS spectrometers is regarded as a powerful 
technique for the analysis of organic contaminants in the complex matrix. 
Liquid chromatography (LC) separation 
The efficient LC separation is crucial for successful analysis. There are a large 
number of studies on the development of LC separation for the various classes of 
polar contaminants. The so-called ultra-high performance liquid chromatography 
(UHPLC) technology, fitted with a column packed with porous sub-2 µm particles, 
can deliver mobile phase at pressure up to 1000 bar. Compared to conventional 
columns (packed with 5 µm particles), this stationary phase enables elution of 
analytes in much narrow and more concentrated bands, resulting in better 
chromatographic efficiency, resolution and sensitivity with negligible intra-column 
band dispersion [67]. This techniques have already successfully been employed to 
speed up the analysis of a large variety of emerging pollutants in environmental 
samples: such as PPCPs [92-94], pesticides [95-96], per-fluorinated compounds [97] and 
endocrine disruptors [ 98 - 99 ]. Furthermore hydrophilic interaction liquid 
chromatography (HILIC) has been tested as alternative to RP-LC for improved peak 
shape and increased retention of polar pollutants [18, 100 , 101 ]. A variant of the 
traditional normal-phase LC is still applied, with the important difference that it uses a 
semi-aqueous mobile phase: typically 40-97% acetonitrile in water. The water 
fraction (~3-60%) forms a liquid layer on the stationary phase that facilitates 
partitioning of analytes between the high organic mobile phase and the hydrophilic 
stationary phase. Salas et al. [18] applied HILIC successfully for the separation of 
seven artificial sweeteners, which are now considered emerging pollutants with strong 
polarity. 
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In addition to the separation purpose, a new approach was developed in order to 
reduce/eliminate tailing problems [60, 102], in which ILs were added to the modifier 
solvent in RP-LC to adjust its eluent strength at mmol-1 concentration or used as 
functional group of stationary phases. However, at the moment the application of 
these IL-based stationary phased has not been extended to the analysis of compounds 
of environmental interest in real matrices. Additional solutions to reduce the 
chromatographic run-time is based on the use of monolithic columns or high 
temperature liquid chromatography (HTLC) column, which requires to be kept at 
temperature between 90 and 200 °C to increase the separation speed by a factor of 
3-20, to reduce column backpressure and to improve selectivity. Nevertheless, both 
monolithic and HTLC columns suffer from clear disadvantages that, so far, have 
seriously limited their application in environmental analysis [103-104]. 
Mass Spectrometry 
Mass spectrometry is applied to identify the chemical compounds in a mixture, 
depending on the resolving power of the analyzer used for the discrimination of 
mass/charge (m/z) ratios, where the detection of the gaseous, ionized samples is 
performed under high vacuum conditions. The transfer of the analyte solution from 
LC to MS is accomplished via an interface, which stepwise converts the sample to an 
aerosol, ionizes it and removes the solvent. Two most widely used ionization 
interfaces are named electrospray ionization (ESI) and atmospheric pressure chemical 
ionization (APCI). The overwhelming majority of literature on the determination of 
polar pollutants from water utilizes ESI, while APCI is used only rarely. Recently, 
several technological solutions have also been studied to improve high-throughput of 
environmental/food analysis by making conventional ionization interfaces more 
efficient. For instance, multimode ionization source uses ESI and APCI 
simultaneously, alternating between positive and negative polarity, all of them within 
a single chromatographic run [67]. The advantage is the possibility of analyzing a large 
range of compounds regardless of their polarity, functionality, or thermal stability. 
Except the above way, groups of emerging ionization techniques collectively known 
as “ambient mass spectrometry” were developed as well, which can perform direct 
mass analysis of the real sample without the preliminary chromatographic separation 
[105-106]. 
Introduction 
18 
Mass analyzer technology has advanced fast over the recent years as well. Quadrupole 
mass spectrometer (QqQ-MS) has still preserved its market share due to the 
competitive price and unequalled performances in quantitative analysis. QqQ-MS 
commonly have two configurations when used with LC, either as a simple quadrupole 
system or placed in tandem (the latter is named tandem mass spectrometry or 
MS/MS). Determination of trace compounds can be achieved when QqQ-MS is 
operated in multiple reaction monitoring (MRM) mode [25]. While quadrupole-linear 
ion trap is a hybrid mass spectrometer which combines QqQ scan model with 
sensitive ion trap scans and can be used for high-sensitivity MRM determination of 
the target analytes when the second mass spectrometer is operated [67]. The 
applications of these mass spectrometry techniques for identification of polar 
emerging contaminants in different water matrix are turned out to be robust, versatile 
and effective [92, 95, 107]. 
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2.3 Graphene and its application in analytical chemistry 
2.3.1 Introduction 
New discoveries in material science may provide new tools for analytical chemistry. 
The wide use of carbon nanomaterial (e.g. fullerenes and carbon nanotubes) as the 
new SPE or SPME sorbent is a great example [108-111].  
As a new allotropic member of carbon family, graphene has become the most 
intensively studied material due to its unique electronic properties and intriguing 
quantum effects with exceptional thermal and mechanical properties [112] since the 
first experimental evidence of its electronic properties in 2004 by Novoselov et al. [113]. 
Graphene consists of two-dimensional single layer or few layers of sp2-hybridized 
carbon atoms arranged in a honeycomb pattern (Figure 2-4). Notably, a graphene 
sheet possesses the hexagonal array of carbon atoms with an ultra-high specific 
surface area (up to 2630 m2/g) [112] and its large delocalized π-electron-rich structure 
also endows graphene a strong affinity for aromatic ring structures, which are widely 
occurring in organic pollutants and biomolecules, making it a promising candidate for 
sorption material with high loading capacity [114-115]. 
 
Figure 2-4: Graphene structure: hexagonal array of sp2-hybridized carbon atoms [116]. 
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2.3.2 Synthesis methods of graphene  
The first successful method to produce graphene was mechanical exfoliation from 
graphite by using Scotch tape [113]. This method can produce graphene with high 
quality, but its yield is extremely low and the process is different to control. Later 
great efforts to develop the methods of synthesizing graphene have been made by 
scientists, such as chemical-vapor deposition (CVD) [117], epitaxial growth on SiC [118], 
arc discharge [119] and substrate-free gas phase synthesis [120]. Among them, producing 
from graphite by chemical method is considered to be the most low-cost and 
large-scale production way [121]. Firstly graphite oxide is prepared from natural 
graphite powder by using the modified Hummers method [122] and then exfoliation of 
graphite oxide to graphene oxide by harsh oxidation and sonication is carried out, 
followed by reduction of graphene oxide to graphene [123]. The most commonly used 
reductant is hydrazine. Some other low-toxicity and environment-friendly reductants 
such as NaBH4, hydroquinone, and gaseous hydrogen have also been proposed 
[124]. 
However, heavy oxidization of graphite can disrupt the conjugation of the graphene 
plane and causes many defects in it. For the application purpose of electronics and 
sensors, these defects man be fatal flaws, but for the application as a sorbent the 
defects are much less important due to no compromise the specific surface area [115]. 
Therefore, chemical exfoliation methods are the most commonly used method to 
produce the graphene and graphene oxide in the laboratory with the application 
purpose of sorbent. 
When graphene is used in powder form, the drying method must be carefully 
considered. Direct drying at room temperature often causes graphene sheets to 
irreversible agglomerate. As an alternative, freeze-drying with vacuum can mitigate 
the agglomeration of graphene [115]. The specific surface area of graphene powder 
obtained by hydrazine reduction of graphene-oxide followed by freeze-drying was 
reported to be 433.1 m2/g [125]. This value is much lower than the theoretical value, 
indicating that agglomeration was still unavoidable. Further research indicated that 
the agglomeration can be limited by controlling the experimental conditions or adding 
stabilizing agents (e.g. polymers and surfactants) [126-127]. 
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2.3.3 Application in sample pre-treatment 
Although scientists have already realized that graphene material can be a promising 
sorbent material in theory, the attention paid to the sorbent application is much less 
than other applications. In general, graphene is considered to be a non-polar, 
hydrophobic sorbent with strong affinity for the aromatic-ring-structure compounds, 
which can be applied as RP-SPE sorbent. The first application of graphene as SPE 
sorbent was reported by Liu et al. [128]. Eight chlorophenols (CPs) in water samples 
were enriched by using graphene-packed SPE cartridges. Due to excellent sorptive 
properties, graphene was only consumed in very small amounts (20-30 mg) and 
satisfactory quantitative recovery (range of 87.2–117% for tap water samples and 
77.2–109% for river water samples) can be achieved with small eluent volumes 
(0.3-0.5 mL methanol). Afterwards the same cartridge configurations were applied to 
extract glutathione from human plasma (which is a kind of complex matrix) [129] and 
lead in environmental water and vegetable samples [130]. However, when graphene 
nanomaterial is directly packed into the SPE cartridges, there still are concerns about 
irreversible agglomeration of graphene sheets and loss of miniscule graphene from the 
SPE cartridges, especially under high pressure in online SPE systems [115]. 
To avoid the above-mentioned problems while still maintain the advantageous 
properties of graphene, lots of efforts were made to combine graphene with other 
supporting substrates. Notably, graphene oxide is highly soluble in water due to a 
large number of reactive groups (e.g. carboxyl and hydroxyl) on the surface, which 
provides a versatile precursor for preparing functional graphene or graphene 
composite. 
2.3.3.1 Graphene-based material as SPE sorbent 
A new SPE sorbent, which combined covalently the graphene or graphene oxide 
sheets with amino silica, was developed by Liu et al. [131]. By using cross-linking 
agent, the carboxyl groups of graphene oxide were linked to the amino groups of the 
amino-terminated silica. The comparison of the graphene-silica with other sorbents 
(such as C18 and carbon nanotubes, with CPs as model analytes) revealed the 
superiority of this graphene-based composite, which results from large surface area of 
graphene and water wettability due to presence of some hydrophilic groups left after 
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the reduction with hydrazine. This feature made the composite behaving like a 
hydrophilic-lipophilic balance sorbent, so it is favorable for determining analytes with 
a wide range of polarity. 
A similar material, graphene-silica gel, has been prepared and employed as an 
efficient SPE sorbent for pre-concentration of five fluoroquinolones from water [132]. 
Although only 200 mg sorbent was consumed, the sample volumes up to 1 L provided 
enrichment factors up to 1000, achieving accurate quantification of concentration as 
low as 5 ng/L. Moreover, the cartridges proved to be reusable for at least 10 
consecutive extractions, with no significantly loss of the efficiency (recoveries > 
70%). Likewise, a hydrothermally-treated graphene/silica gel was reported to be used 
as an SPE sorbent for analysis of nine PPCPs in wastewater [133]. The composite 
showed slightly improved recoveries when compared with Oasis HLB column. The 
proposed method yielded an excellent average removal efficiency of 98%. 
Sulfonated graphene sheets (1 mg) enclosed within a polypropylene membrane 
envelope (~1.0 cm×8 mm) was applied as d-SPE sorbent for extraction of PAHs from 
water sample by Zhang et al. [134]. In the proposed procedure, the sorbent-envelope 
was placed into the water sample and stirred. After 30 min extraction, the envelope 
with absorbed analytes was transferred into a vial which contained the desorption 
solvent. The final extract was directly introduced into the GC-MS system for analysis. 
This new material exhibited excellent extraction capability for seven PAHs and 
allowed to avoid loss of graphene sheets during extraction. 
2.3.3.2 Graphene-coated fibers as SPME sorbent 
The previous method of graphene-coated SPME sorbent was prepared by immersing 
the steel wire into the graphene suspension. Subsequently, the fiber was drawn out 
and dried in air. The procedure was repeated until the thickness of the coating met the 
requirement (6–8 µm). Compared with two commercially available fibers (PDMS 
100 µm and PDMS/DVB 65 µm), the new fiber exhibited many advantages for 
extraction of pyrethroid pesticides, including 1.5-fold higher extraction efficiency, 
good reproducibility, long lifespan (more than 250 times extractions), good thermal 
stability (above 330 °C), as well as chemical and mechanical stability [135]. 
In order to enhance the adhesion between the coating and the support, some 
approaches based on sol-gel method [136], electrochemical polymerization [137] or 
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applying adhesive solution [138] have also been proposed. Besides these non-covalent 
methods, a new fabrication strategy of the graphene-coated SPME fiber was reported 
by Zhang et al. [139]. The graphene was chemically bonded with SPME fiber in a layer 
by layer manner. A silica fiber was first treated with NaOH and (3-aminopropyl) 
triethoxysilane (APTES) to introduce amino groups to the surface. The graphene 
oxide was bonded to the fiber via the reaction of the carboxyl groups of graphene 
oxide with the amino groups. Repeating the treatment with APTES and graphene 
oxide four times gave a coating of 20 µm thickness. Finally, the fiber was aged at 
60 °C and reduced with hydrazine. The modified fiber was used for headspace 
extraction of PAHs from the water samples and solid samples and showed good 
precision (<11%), low detection limits (1.52-2.72 ng/L) and long lifespan (over 
150 times extractions) under the optimized conditions. 
2.3.3.3 Magnetic graphene as MSPE sorbent 
Endowing graphene with magnetic properties has been proved as an effective sorbent. 
The magnetic graphene composite (graphene/Fe3O4) is usually synthesized by the 
in-situ chemical co-precipitation of Fe2+ and Fe3+ in an alkaline solution in the 
presence of graphene [140]. The prepared materials showed that single-layer graphene 
sheets had the appearance of crumpled silk waves-like carbon sheets, and Fe3O4 
nanoparticles were distributed on graphene sheets to form magnetic graphene 
nanocomposite [141]. This magnetic graphene/Fe3O4 was applied to pre-concentration 
of five carbamate pesticides in real water [142] sample and phthalate esters (PAEs) 
from water and beverages [143]. 
However, some shortcomings, hydrophobicity and difficulty in interfacial interactions 
with the aqueous matrix, could limit the application of the nanocomposite. 
Furthermore the graphene/Fe3O4 particles were exposed and easily oxidized, which 
was not beneficial for long-term use [141]. To overcome the above weakness, a 
magnetic microsphere-confined graphene sorbent (Fe3O4-SiO2-graphene) was 
developed [144]. After the synthesis of magnetic silica, Fe3O4@SiO2 microspheres 
were modified with APTES to obtain amino-functionalized Fe3O4@SiO2–NH2. Then, 
the condensation reaction between the amine moieties of APTES and the carboxyl 
groups of graphene oxide was allowed to form the product of Fe3O4@SiO2-graphene 
oxide. Finally, Fe3O4@SiO2-graphene was prepared via the chemical reduction of 
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Fe3O4@SiO2-graphene oxide with hydrazine. The composite was used to extract five 
PAHs from environment water samples. Under the optimum conditions, satisfactory 
extraction can be achieved only with 15 mg sorbent per 250 mL solution. 
2.3.3.4 Graphene-based MIPs 
The MIPs prepared by the conventional methods have many limitations, such as 
incomplete template removal, low-affinity binding and slow mass transfer [145 ]. 
Recently a molecular imprinting technique on the surface of nanomaterials enables 
the template-imprinting sites to situate at the surface or in the proximity of the 
surfaces, providing the advantages of fast association/dissociation kinetics. The 
obtained surface MIPs composite combine the merits of MIPs and nanostructure 
material [146]. 
Graphene with extremely high surface-to-volume ratio results in situating most of 
template molecules at the surface, making itself to be the optimal supporter candidate 
for the surface MIPs. Needless to say, its large surface area endows the MIPs 
composite higher affinity and sensitivity to the target analytes and a more 
homogeneous distribution of recognition sites. By using reversible addition and 
fragmentation chain transfer technique, a molecularly imprinted polymer-graphene 
oxide (MIP-GO) hybrid material was synthesized for detecting endocrine disrupting 
chemicals in aqueous solutions. High selectivity and sensitivity of binding properties 
to the target analytes was found, suggesting their potential use as building blocks in 
nanoelectromechanical devices [ 147 ]. Water-compatible MIPs with dual 
monomer-template interactions were synthesized by Duan et al. [148]. Via the synergy 
of bifunctional monomers (2-acrylamido-2-methylpropanesulfonic (AMPS) acid and 
styrene) and by using porous graphene oxide as a supporter, the MIPs can be applied 
for the selective adsorption of bisphenol A from aqueous media.
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2.4 Chemcatcher
®
—a passive sampling technique 
2.4.1 Introduction 
Water-quality monitoring requires efficient techniques in order to evaluate a 
maximum of information with a minimum of effort on environmental pollution from 
the various types of contaminants. Although advanced analytical process has been 
developed for the determination of both organic and inorganic trace contaminants, one 
of the major limiting factors remains the sampling step [149]. Conventional monitoring 
methods for surface water rely often on discontinuous spot grab sampling at fixed 
time intervals (so-called active sampling) followed by a laboratory-based extraction 
and determination of compounds of interest. However, such approaches only provide 
an instantaneous estimate of the concentration levels at the sampling time and may 
miss spontaneous and periodic fluctuations in the concentration of pollutants [150]. 
Increasing in sampling frequency or deployment of flow-and time-weighted automatic 
samplers may reduce these errors, but the associated increase in cost can prove 
prohibitive and in many cases it is impractical, since a secure site and significant 
pre-treatment of water are required. In addition, the concentration of trace 
contaminants may lie below the detection limit if only small sample volume is 
available [150]. 
Passive samplers represent a promising alternative, which can be defined in its 
broadest sense as any sampling technique based on free flow of the analyte molecules 
from the sampled medium to the receiving phase within the sampling device [151-152]. 
Sampling proceeds without the need for any energy sources other than the different 
chemical potential difference. It can be designed to quickly reach equilibrium, where 
the mass transfer of an analyte into the sampler equals the mass release from the 
device [153]. Nevertheless, a common application is to use passive samplers during the 
integrative sampling period, when uptake into the sampler is the dominating process 
and release of the analytes from the sampler is negligible [154]. When sampling occurs 
in the integrative phase, the amount of one compound accumulated in the sampler can 
be divided by its uptake rate to derive the time-weighted average (TWA) 
concentration. Calibration in the laboratory is therefore necessary in order to 
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determine the uptake rate of each compound of interest before application of the 
samplers.
2.4.2 Theory 
Due to the differences of chemical potential of the analytes between the sampled 
medium and receiving phase within the sampling device, there is a continuous free 
flow of analyte molecules from water phase to the receiving medium until the 
equilibrium is established or until the sampling period is stopped. As shown in Figure 
2-5, the mass transfer includes diffusion and interfacial transport steps across several 
barriers: a) the diffusion of the analytes from the water phase surrounding the sampler 
to a stagnant aqueous boundary layer located above the receiving phase; b) 
subsequently, there are several interfacial transport steps between the different 
compartments of the sampling system, from the boundary layer through a possible 
biofilm layer via a diffusion-limiting membrane to the inner fluid phase (aqueous or 
gaseous) of the sorbent [155]. 
 
Figure 2-5: Diffusion and interfacial mass transport step of the chemical across the different 
barriers through a passive sampling device. 
Over time a linear uptake approximately until half-saturation of the receiving phase is 
reached. If the exposure time increases further, the uptake decreases and the whole 
process approach partitioning equilibrium. In brief, contaminants are accumulated 
into the receiving phase driven by diffusion followed by adsorption, with an 
integrative step before equilibrium is reached. 
According to the semi-empirical model, the accumulation process could be divided 
into three possible stages of uptake: linear, curvilinear, and finally equilibrium 
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(Figure 2-6) [156]. The exchange kinetics between a passive sampler and water phase 
follows a first-order kinetic law as described by Vrana et al. [151]. After an exposure 
period t (day) the concentration of an analyte accumulated in the passive sampler 
device  (ng/g) can be expressed as a function of time: 
 


   
     
                                    2-1) 
 : the uptake and release rate constant respectively (L/g per day) 
  : the TWA concentration of an analyte in the aqueous environment (ng/L) 
: the partition coefficient of an analyte between receiving phase and the water (L/g) 
 
Figure 2-6: Passive sampling devices operated in two main regimes (kinetic and equilibrium). 
2.4.2.1 Equilibrium passive sampling 
When the exposure time is sufficiently long to permit the establishment of 
thermodynamic equilibrium, the Eq. 2-1) can be simplified as: 
                                                         2-2) 
This approach is a widely used for on-site sampling of the non-polar contaminants. 
The key to successful equilibrium partitioning sampling is to control and typically 
reduce the response time to hours or days. The basic requirements of the 
equilibrium-passive sampling approach are that: a) stable concentrations are reached 
during the known response time; b) the sampler capacity is kept well below that of the 
sample to avoid depletion during extraction; c) the device response time needs to be 
shorter than any fluctuations in the environmental medium [153]. Thus this monitoring 
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approach suits the application only where aqueous concentrations do not vary much 
[157]. 
2.4.2.2 Kinetic passive sampling 
For the kinetic sampling approach, it is assumed that the release of analytes from the 
receiving phase is negligible in the initial phase of exposure and the uptake regime is 
linear. The relationship between the concentration of an analyte accumulated in the 
receiving phase   and its concentration in the surrounding water is given by 
Eq.2-3): 
                                                          2-3) 
The uptake rate (, normally described as ) is the product of overall mass transfer 
coefficient towards the sampler and represents the substance-specific volume of water 
extracted per unit of time by the sampling device. 
Before the application of passive samplers in the field, the calibration experiments 
should be conducted in the laboratory in order to test the linear window and obtain the 
 data for each select compound. In general, the samplers are exposed for the 
defined time to water phase with the known constant concentration () of an analyte 
of interest. Therefore, the  (L/d) can be derived by re-arranging Eq.2-4) to: 
 


                                                          2-4) 
: the amount of an analyte accumulated by the receiving phase 
With the determinate   for a compound of interest, its TWA concentration in 
environmental matrix during the known exposure period can be calculated by 
Eq.2-5): 
 


                                                          2-5) 
2.4.3 Concept of Chemcatcher® 
In terms of monitoring the polar organic contaminants, two type of passive sampler 
has been developed in recent years, polar organic chemical integrative sampler 
(POCIS) and Chemcatcher®. Due to the physically robust system Chemcatcher® is 
turned out to be an effective passive sampling tool when the appropriate receiving 
phases are taken into account. The first application of Chemcatcher® was reported by 
Kingston et al. in 2000 [154] for monitoring the polar and non-polar organic 
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contaminants. One year later, the first application of inorganic contaminants with a 
chelating disk was developed by Bjorklund Persson et al. [158]. Afterwards, two 
patents were published: the first one was in 2004 in the United Kingdom by Kingston 
et al. 
[159], while the second was in 2006 in the US [160]. And in 2007 the trademark 
appeared. The structure diagram of Chemcatcher® is shown in Figure 2-7. A 
Chemcatcher® is mainly composed of the body of the device, the receiving phase and 
optionally, a membrane. During transport prior to deployment, a cap can be used to 
protect the disk and the membrane. All the Chemcatcher® designs are equipped at the 
back with a fastening lug, which allows its suspension to face downward during the 
exposure. 
 
Figure 2-7: General configuration of Chemcatcher®. 
The development of housing geometry:  
In the evaluation stage, the polytetrafluoroethylene (PTFE) was selected as a 
construction material for the sampler body. Its advantages are low sorption capacity 
for most environmental pollutants and it’s denser than water, making it easy to deploy 
in the field by suspending it from a wire or string. The receiving phase and 
membranes of in the first generation of Chemcatcher® prototype were located inside 
with 20-mm depth with active surface of 17.5 cm2. The principle of Fickian diffusion 
state that flux of the substance to the receiving phase is proportional to the surface 
over which diffusion takes place and is inversely proportional to the diffusion path 
length. The early design effectively buffers the effect of fluctuating flow on the 
sampler performance, however it also effectively reduces convective transport of the 
analytes to the sampler, causing reduced sampling rate [161]. For an optimum sampler 
performance, the geometry of the body was further refined in the last prototype by 
reducing the depth of the cavity to a minimum. Nowadays the commercial sampler 
body is made of moldable plastic material with the depth of the receiving phase in 
about 2 mm [149]. The body consists of three components, two body parts and a lid for 
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storage and transport, which are clipped together. This makes the sampler assembly 
and disassembly faster. 
Receiving phase:  
The selectivity and the accumulation rates of the chemical of interest are regulated by 
the choice of the diffusion-limiting membrane and the solid-phase receiving material. 
The ideal material that can be chosen as the receiving phase for an integrative sampler 
should meet two basic required conditions [162]: 
1) The receiving medium should act as a so-called “zero sink” during the integrative 
uptake phase; it should not let the trapped molecules be released even if the 
concentration of an analyte around the sampler decreases to zero. 
2) The sampling rate should maintain constant throughout the sampling session. 
The receiving phase can be selected from a wide range of commercially available 
phases, which based on a solid sorbent immobilized in a polymeric matrix in the form 
of a disk, such as EmporeTM disks (weighs 83 g, the sorbent are held together with an 
inert matrix of PTFE: 90% sorbent 10% PTEF by weight, for example SDB-XC, 
SDB-RPS, and chelating disk) and AtlanticTM disks (weighs 130 g, for example HLB 
and DVB disk) [163]. The variety of sorbent material used in the disk technology 
enable the selection of suitable receiving phases for all the classes of pollutants under 
investigation, including polar and no-polar organic analytes, organometallic 
compounds and the metals [164]. The detail description and the potential application 
are shown in Table 2-3. These commercial available receiving phases are usually 
bounded into the 47 mm disks that can be directly compatible with conventional 
laboratory sample extraction apparatus. By using quality control technique, the 
commercial free disks allow high reproducibility as compared to other hand made 
passive sampling device. Very recently the new-developed nanostructure materials 
have also attracted the attention of the researchers, who work in the field of passive 
sampler. The lab-made carbon nanotube integrative sampler (CNIS) was developed 
by using multi-walled carbon nanotubes as the receiving phase for accumulating 
nano-silver and other Ag species from the aquatic environment [165].
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Table 2-3: Commercial available materials used as the receiving phase of Chemcatcher®. 
Manufacture Receiving phase Description Application 
3M EmporeTM † 
(83 g, 47 mm) 
C18 
A silica sorbent bonded with 
octadecyl groups 
Low or non-polar 
compounds 
 Organotin 
 PAH 
 PCB 
SDB-XC 
Poly(styrenedivinylbenzene) 
copolymer, 100% copolymeric 
resin particles that are spherical, 
porous and cross-link 
Polar or mid-polar 
compounds 
 Pesticides 
 PPCPs 
SDB-RPS 
Poly(styrenedivinylbenzene) 
copolymer, modified with sulfonic 
acid groups to make it more 
hydrophilic 
Polar or mid-polar 
compounds 
 Pesticides 
 PPCPs 
Chelating disk 
Polystyrene-divinylbenzene 
copolymer modified with 
iminodiacetic acid groups 
 Metals 
Horizon AtlanticTM 
(130 g, 47 mm) 
HLB disk Hydrophilic-lipophilic-balanced 
 PPCPs 
 Illicit drug 
 
Membranes: 
Chemcatcher® is often used with a diffusion membrane covering the selected 
receiving phase, which separates the sorption phase from the bulk water. Here the 
membrane acts as a semipermeable barrier: the dissolved analytes can pass through to 
the receiving phase, while particulates, microorganisms, and macromolecules with 
size greater than the exclusion limit cannot permeate [164]. The membrane can 
contribute a significant resistance to mass transfer. Kingston et al. [154] showed that the 
                                                
† Empore TM was a brand name of 3M until April 2019. Due to an acquisition, now it is a brand name 
of CDS Analytical. During the transition, certain Empore™ products shipped will have 3M Empore ™ 
logo on the packaging before fully switching to CDS Empore™ logo.  
Reference: https://www.cdsanalytical.com/empore (30th November 2019) 
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membrane reduced the uptake of the diuron and atrazine into EmoreTM C18 disk by 
the factor of about 10. In the contrast test of uncovered or with membrane, Camilleri 
et al. [166] also observed a 16 fold increase of the uptake rate for bisphenol A with 
uncovered C18 disks and a 126 fold increase for 4-tert-octylphenol but the linear 
accumulation period was reduced to 4 days. The decreased linear uptake limited the 
long-time deployment of monitoring. Moreover, unprotected receiving phase 
submersed in the aqueous environment eventually become colonized by bacteria and 
various flora and fauna that may ultimate form biofilm [167]. Schäfer et al. [168] noticed 
that the biofouling of uncovered EmporeTM disks reduced the accumulation of the 
analytes compared to their counterpart with polyethersulfone (PES) membrane. 
Therefore, the role of this membrane is threefold: 1) protection of the disk; 2) 
selectivity of the accumulated compounds, depending on the material used; 3) control 
of analyte uptake. 
A large variety of membranes, such as glass fiber, nylon, PTFE, polysulfone (PS), 
polyvinylidene (PVDF), polyethylene (PE), PES, and cellulose acetate (CA), were 
tested for construction of Chemcatcher® by different authors [154, 164, 169]. In case of 
monitoring the polar compounds (log Kow<3), the PES membrane (0.1-0.2 µm pore 
size, 40-146 µm thickness) were selected for the sampler devices design. These 
membranes have a high degree of physical strength and are less prone to biofouling 
because of their hydrophilic nature and low surface energy that prevents adsorption of 
macromolecules on the surface [170]. 
Although membrane is helpful to control the sampling process, still it is an optional 
approach. On one hand, short pollution events detector requires short response time. 
For example, many pesticides are released at high concentrations into streams or 
rivers in episodic events, like field runoff after pesticide spraying, heavy rain or 
wastewater discharge. The events usually last only a few hours. However, the sampler 
fitted with membrane has a lag phase that represents the time necessary for the 
analytes to diffuse through the membrane to arrive the receiving phase [164]. On the 
other hand, membranes may accumulate significant amount of some compounds. For 
example, triclosan and diuron can be adsorbed on the PES membrane. Even after 
extended exposure time (up to 26 days), the compounds can still not transport from 
the membrane to the sorbent [171]. Thus according to the compounds of interest, the 
considerations with the use of the membranes need further investigation. 
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2.4.4 Calibration of Chemcatcher® 
Chemcatcher® is the passive sampler that is operated in the kinetic regime of 
accumulation. In order to determine the linear window and obtain the  data for 
each select compound, the calibration experiment in laboratory is generally performed 
by exposing samplers to the known concentrations of the analytes for a fixed period 
under controlled conditions. The typical exposure experimental designs are as 
follows: 
1) Static with negligible depletion: At the beginning the exposure medium is spiked. 
The aqueous concentration could decrease due to the uptake, but are relative 
constant because of the large water volume (e.g. 1400 L [172] and 1500 L [173]). 
2) Static renewal: the spiked exposure medium is periodically removed and renewed 
to ensure minimal compound depletion [174]. This design can be employed if the 
static or continuous flow exposure design is not an option, for example, when the 
static exposure would cause an excessive depletion of the water phase or when 
problems of maintaining stable aqueous concentrations during flow-through 
system occur. Aqueous concentrations should be measured at least at the 
beginning and at the end of each renewal period. Uptake curves can be generated 
by assuming the amounts removed from the water phase are adsorbed by the 
sampler (i.e. loss terms like evaporation, sorption on the wall and sorption on the 
particulate matter can be neglected). 
3) Flow through system: this design aims at preventing depletion of the water phase 
during the exposure by ensuring a constant supply of freshly polluted water to the 
exposure chamber. Water is generally spiked with mixing the stock solution in a 
battler and then transferred by means of peristaltic pump to the exposure tank 
(from 20 L to 50 L). Stable aqueous concentrations can be maintained during the 
entire process if the flushing rate of the exposure chamber is much larger than the 
total sampling rate of all the samplers [150, 175]. 
4) Artificial streams or channels: The system consists of a 20 m-length artificial 
stream with total volume of 1000 L river water [168] or several channels running 
with sewage treatment effluents or naturally contaminated water from rivers [176]. 
5) In situ calibration: Chemcatcher® deployments and high frequency grab water 
sampling are jointly performed in streams [177-178]. 
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The selected application examples of these methodologies for calibration of 
Chemcatcher® were gathered in Table 2-4. Although the standardization is in 
progress for the passive sampling of surface water, no standardized calibration 
protocol is available at present. The sampling rates reported in the literatures were 
strongly affected by difference experimental designs and by different operation 
conditions, which made the comparison of calibration data from different authors 
difficult [149]. 
  
Introduction 
35 
 
Table 2-4: Typical designs for the calibration experiments of Chemcatcher®. 
Compounds Matrix Duration T/°C Vessel Experimental 
design 
Receiving 
phase 
Ref. 
Pesticides - 30 d 21.4  
(±0.7) 
1500 L 
tank 
Static with 
carousel 
SDB-RPC 
with or 
without 
PES 
[173] 
Pesticides and 
PPCPs 
- 26 d 27 1400 L 
tank 
Static renewal 
(on 3,10 and 
17 d) with 
rotor 
SDB-RPC 
or 
SDB-XC 
with PES 
[174] 
Pesticides 
PAH 
- 14 d various 20 L 
tank 
Flow-through 
with carousel 
C18 disk [175] 
Pesticides 
PCB 
- 14 d 15 20 L 
tank 
Flow-through 
with stainless 
steel propeller 
stirrer 
C18 disk 
with 
PS or PE  
[179] 
Pesticides Distilled 
water 
7 d 13 4.5 L 
tank 
Flow-through C18 disk 
with or 
without PS 
or PC 
[180] 
Biocides and 
pharmaceuticals 
Sewage 
effluent 
5 d at 
various 
flow rate; 
3-24 d at 
single rate 
14-19 - Chanel system SDB-XC, 
SDB-RPC 
and 
SDB-RPC 
with PES 
[157] 
322 polar 
organic 
micropollutants 
In 5 
rivers 
2 weeks  - - In situ SDB-RPS 
with PES 
[181] 
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2.4.5 Performance and reference compounds 
The objective of most passive sampling studies is to derive an accurate estimation of 
the TWA concentration of contaminants present in the environment. However, uptake 
kinetics of an analyte depends not only on the physicochemical properties of the 
chemical, but also on the sampler design and environmental variables, such as 
temperature, pH value, water turbulence and possible biofouling [167]. As a 
consequence, the sampling rates determined under the well-known conditions in the 
laboratory may differ from those occurring under exposure conditions in the field. A 
supplementary difficulty is met during exposure in the field because these parameters 
may be highly variable and fluctuate with time and are difficult to be monitored. 
The performance and reference compounds (PRCs) are usually employed to account 
for between-site environmental variation, which are first proposed and demonstrated 
for semipermeable membrane device (SPMD) [182] and the concept has subsequently 
been applied to other passive sampling devices [175, 181, 183]. PRCs are the compounds 
that are not present in the environment (e.g. isotopically labeled analogs of 
compounds of interest) and are spiked into the receiving phase prior to deployment. 
Vrana et al. 
[184] demonstrated that a suitable PRC should fulfill the condition of 
isotropic exchange kinetics. Thus their dissipation data are the indications of the 
exposure conditions that affect not only their release but only the uptake of similar 
studied compounds [185]. 
In order to obtain a satisfactory correction of sampling rate, it is also necessary to 
ensure that significant offload of PRCs is observed after exposure. The mass transfer 
of a PRCs from the sampler phase to the water should follow the first-order kinetic 
and can be described by an elimination rate constant : 
  
                                                     2-6) 
Where   and   are the mass of a PRC in the sampler after and prior to 
deployment period (t) respectively, while is the release rate of the PRC. The 
corrected uptake rate during sampling in situ   can be derived from the 
determined uptake rate  , which is obtained from the laboratory calibration 
experiment [185]: 
 


                                             2-7) 
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Where   is the release rate constant of the pre-added RPC during the 
sampling in the field. 
However, the researches on PRCs approach for the polar compounds-Chemcatcher® 
are relatively rare. Shaw et al. [186] found that uptake and release of diuron-d5, 
dimethylpthalate-d6, and chlorpyrifos-d10 as RPCs were not isotropic when the 
SDB-RPS disks covered with PES membranes were employed. The similar results 
were also obtained by Gunold et al. [150]. An application of chlorfenvinphos-d10 and 
pyrimicarb-d6 as PRCs on a pure SDB-XC disk was investigated. However, the results 
were not convincing due to non-linear regression fit of the offload curves or no 
elimination of PRCs from receiving phase under the low-flow conditions. Mills et al. 
[187] suggested that accumulation on the disk for polar compounds is determined by 
adsorption rather than by partitioning (when the sampling occurs during the 
integrative period), resulting in impossible true isotropic exchange. Even so, several 
authors underlined the need for further studies to clarify the exchange mechanisms 
between water and passive sampler and to validate the PRC-based approach for 
quantitative determination of TWA concentrations [188-189].  
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3. Study objectives and hypotheses 
3.1 Study objectives 
The overall objective of the thesis was to establish analytical and monitoring methods 
for determining selected polar emerging contaminants in surface water. Specifically,
this work sought to employ graphene composite as an alternative enrichment sorbent 
in SPE process and as a new receiving phase of Chemcatcher®. The illustration of the 
work in this thesis is presented in Figure 3-1.  
 
Figure 3-1: Illustration of the work in this thesis.
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The aims of the research comprise the following aspects: 
1) Investigating synthesis method and assessment of graphene-silica composite; 
2) Optimization of the graphene-silica composite as sorbent in the SPE process (in 
terms of the material properties and experimental conditions); 
3) Supplement calibration data and procedure of the commercial disks (SDB-XC) as 
the receiving phase in Chemcatcher®; 
4) Feasibility test of the graphene-silica composite as the receiving phase in 
Chemcatcher®; 
5) Application of the developed analytical and monitoring methods and approaches 
to determine the selected contaminants in the Elbe River (Dresden) and in a 
drinking water reservoir (Saidenbach). 
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3.2 Hypotheses 
The hypotheses of this thesis mainly addressed the interaction behavior between the 
sorbent and the selected emerging contaminants. The idea of this study was to 
synthesize a composite by using a cross-linking agent to bond carboxyl groups of 
graphene oxide with amino modified silica gel. Afterwards, graphene oxide in the 
composite was reduced to graphene under hydrothermal conditions. It is assumed that 
graphene in the obtained composite can still maintain its properties. Therefore, the 
adsorption behavior can be predicted by analyzing the properties of graphene. The 
hypotheses were as follows: 
1) In comparison to customary solid phases (e.g. HLB), graphene-silica composite 
was expected to possess better ability of interaction with polar emerging 
contaminants with conjugated system with delocalized π-electrons, such as 
aromatic ring structures due to the ultra-high specific surface area (theoretical up 
to 2630 m2/g) of the graphene and its large delocalized π-electron-rich structure. 
π-π stacking interaction was expected to play an important role in the interaction 
between the composite and the target compounds. 
2) Normally, graphene is regarded as reverse-phase SPE sorbent with strong affinity 
for non-polar, hydrophobic carbon-based ring structures. Therefore, the 
compounds with higher octanol-water partition coefficient (Kow) or lower water 
solubility are expected to have stronger affinity for the composite material. 
3) The adsorbed compounds can be recovered by selected polar eluents. The 
composite is therefore expected to be reusable. In terms of the cost, the synthetic 
composite could be superior to customary one-way sorbents. 
4) The adsorption capacity of the composite is expected to be large enough. 
Therefore, as the receiving phase in the passive sampler, the uptake rate of the 
target is expected to be constant within a certain time range.  
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4. Material and methods 
The details on the chemicals and instruments employed during this working are 
available in Section 4.1. The experiments presented in the study, including synthesis 
of graphene-silica composite (Section 4.2), SPE experiments by using Oasis HLB and 
graphene composite SPE cartridges (Section 4.3), calibration of Chemcatcher® and 
application of Chemcatcher® in surface water (Section 4.4), were all subjected to 
pre-tests to an establishment and validation of the methods before performing the 
experiments. 
4.1 Materials 
4.1.1 Chemicals and solutions 
The target compounds were selected based on the environmental concerns and they 
were purchased from Merck (Darmstadt, Germany), Carl Roth (Karlsruhe, Germany) 
and Sigma Aldrich Chemie GmbH (Steinheim, German) if not stated otherwise (see 
Annex Table 7-1). The ultra-pure water was provided by the TKA-GenPure water 
purification system. The LC-grade water and methanol were purchased from Th. 
Geyer GmbH & Co. KG (Renningen, Germany). Acetone with purity > 99.5% was 
purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Formic acid 
with purity ≥ 98% was from Carl Roth GmbH (Karlsruhe, Germany) and the 
LC-grade counterpart with purity > 99% was from VWR International Bvba (Leuven, 
Belgium). 2-propanol with purity > 99.5% was from J.T. Baker (Deventer, Holland). 
Toluene with purity ≥ 99.8% was from Fluka Chemie (Neu-Ulm, Germany). 
(3-aminopropyl) triethoxysilane (APTES) was from Merck, (Darmstadt, Germany). 
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and 
N-Hydroxysuccinimide (NHS) with purity of 98% were from Sigma-Aldrich Chemie 
GmbH (Steinheim, Germany). Absolute ethanol was purchased from VWR 
International S.A.S (Fontenay-sous-Bois, France). 
The multi-mixture stock solution of 5 mg/L for each compound was prepared in 
LC-grade water/methanol (v/v=1:1) and stocked in an amber bottle at -18 °C. The 
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calibration solutions for the HPLC-MS/MS method were freshly made before 
measurement by diluting the stock solution with LC-grade water. All the working 
solutions used for the SPE and Chemcatcher® experiments were freshly made as well, 
by spiking the multi-mixture stock solution into the LC-grade water. By means of 
hydrochloric acid and sodium hydroxide, the working solutions were adjusted to the 
corresponding pH values. 
4.1.2 Consumable materials and instruments 
Synthesis experiments of graphene-silica composite. The raw materials used for the 
synthesis of graphene-silica composite were graphene oxide (GO) and Nucleodur 
100-50 silica gel, which were purchased from Sigma-Aldrich Chemie GmbH 
(Steinheim, German) and from Macherey-Nagel GmbH (Düren Germany) 
respectively. Their physical and chemical properties are presented in Section 7.1.2. 
START-1500 microwave autoclave employed for the hydrothermal reduction was 
from MLS GmbH (Leutkirch, Germany). The ultrasonic bath Sonorex Digitex was 
from Bandelin (Berlin, Germany). The vacuum freeze-dryer Christ LOC-1m was 
purchased from Martin Christ Gefriertrocknungsanlagen GmbH (Osterode am Harz, 
Germany). 
SPE experiments. Oasis HLB cartridges (6 mL, with 200 mg sorbent) were obtained 
from Waters Corporation (Milford, USA). The 3 mL Chromabond® glass SPE 
cartridges were purchased from Macherey-Nagel GmbH (Düren, Germany). Baker 
SPE-12G vacuum manifold for extractions of the SPE cartridges was purchased from 
J.T. Baker (Griesheim, Germany). Parallel Evaporator Syncore for elution and 
reduction of solvent was purchased from Büchi (Flawil, Switzerland). Vacuum 
controller VC 521 was obtained from ILMVAC (Ilemenau, Germany). To test the 
reusability, PrepLincTM off-line SPE from ANTEC Analysen- und Prozesstechnik 
GmbH (Sindelsdorf, Germany) was employed. 
Chemcatcher® calibration experiments. The PTFE Chemcatcher® bodies 2010 
version were purchased from the University of Portsmouth (Portsmouth, UK). The 
Styrenedivinylbenzene-cross connect (SDB-XC) disks and styrenedivinylbenzene- 
reversed phase sulfonate (SDB-RPS) disks (47 mm diameter and 15.9 cm2 surface 
areas) with the brand name Empore™ from 3M company (Bellefonte, USA) were 
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employed as receiving phase. The hydrophilic polyethersulfone (PES) Supor®-200 
membranes (47 mm diameter, 0.2 µm pore size) used as the diffusion-limited 
membranes were from Pall Corporation (Ann Arbor, USA). The filtration apparatus 
was from Sartorius (Göttingen, Germany). Batch renewal experiments were 
performed by using magnetic stirrers Multipoint HP15, from Variomag (Daytone 
Beach, Florida, USA) in the climatic cabinet from Aqua Lytic (Dortmund, Germany). 
The flow-through experiment was equipped with a 30 L stainless steel pot as vessel 
purchased from Pintinox (Uhingen, Germany) and an electric overhead stirrer 
purchased from VWR International (Darmstadt, Germany). Tap water flow was 
regulated by using the flow regulator Sho-Rate 1355 from Brooks Instrument 
(Dresden, Germany) and the HPLC pump Merck-Hitachi L-6200 from Labortechnik 
Regener GmbH (Landsberg, Germany) was used to control the flow rate of the stock 
solution. The Multi 3420 Set B multi-parameter measuring instrument employed to 
measure pH value, temperature, and conductivity was from WTW 
Wissenschaftlich-Technische Werkstätten GmbH (Weilheim, Germany). The 
regenerated cellulose (RC) syringe filters (Chromafil® RC-20/15) with pore size 
0.2 µm were purchased from Macherey-Nagel (Düren, Germany). 
HPLC-MS/MS measurements. All the HPLC-MS/MS measurement was achieved by 
using an Agilent 1100 HPLC series (including Degasser G1322A, Binary pump 
G1312A and Auto sampler G1313A, from Santa Clara, USA) coupled to 3200 
QTRAP mass spectrometer equipped with ESI interface (AB Science, Darmstadt 
Germany). The separation was carried out with a Kinetex EVO C18 column (100 
mm×2.1 mm, 5 µm, 100 Å from Phenomenex).  
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4.2 Synthesis of graphene-silica composite 
Silica particles were firstly silanized to obtain amino-silica [132]. (3-Aminopropyl) 
triethoxysilane (APTES), which is used for silanization, is an agent that can be easily 
hydrolyzed and the hydrolyzed product would contaminate the final product. In this 
case, toluene is a commonly used reaction medium to ensure the water-free 
environment. 5 g silica gel was dispersed in 200 mL toluene and then 20 mL APTES 
was added into the above mixture drop by drop. The mixture was stirred and refluxed 
at about 100 °C overnight (12 h) in the silicon oil bath. After cooling down, the 
largest part of the solvent was removed under vacuum by using Büchner funnel. 
While the preliminary activation of silica was collected on a paper filter and washed 
with 50 mL absolute ethanol to remove the free APTES, followed with 50 mL pure 
water, and then dried in the oven at 80 °C for 3.5 h. Figure 4-1 illustrates the 
experimental setup to provide a better understanding of this procedure. The apparatus 
employed for this experiment and the chemical synthesis of amino-silica are shown in 
Figure 4-1a) and Figure 4-1b) respectively.  
a) Illustration of the synthetic procedure of amino-silica. 
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b) Chemical reaction process of synthetic amino-silica. 
Figure 4-1: Schematic diagram of synthesis of amino-silica.
Graphene oxide (GO) was covalently immobilized on the modified silica by coupling 
the amino groups of amino-silica and the carboxyl groups of GO [131]. There are 
numerous bonding reactions available, such as N’-N-dicyclohexylcarbodiimide (DCC) 
and N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC). 
However, if DCC was employed, the experiment must be conducted in organic 
solvents, such as in the dimethylformamide (DMF), while another 
environment-friendly alternative is to use EDC/ N-Hydroxysuccinimide (NHS) in the 
water solution. Of particular note is the concentration of EDC should not exceed 
10 mM, otherwise the aggregation of GO can be observed. Figure 4-2a) shows the 
procedure in detail. 40 mg GO were firstly dispersed in 80 mL pure water by the aid 
of ultrasonication for 30 min. Afterwards 0.8 mL of freshly prepared 10 mM EDC/ 
5 mM NHS aqueous solution was added into the GO colloid solution under stirring at 
room temperature. After activation of the –COOH groups for 20 min, the amino-silica 
was added into the mixture and reacted for 4 h at room temperature. The amount of 
modified silica depended on the required experimental conditions. In order to obtain 
the reduction of GO-silica, the hydrothermal reduction was conducted in Teflon-lined 
microwave autoclave at 180 °C for 1 h. The product of the reduction was collected 
and then washed with pure water, and then frozen at -18 °C overnight (12 h). The 
final graphene-silica composite was obtained after freeze-drying under vacuum 
(0.370 mbar) for 72 h. The chemical reaction process happened is presented in Figure 
4-2b). The synthetic products were characterized by using scanning electron 
microscopy (SEM), X-ray diffraction (XRD), and energy-dispersive X-ray (EDX) 
spectroscopy, which were performed by Dr. Tao Zhang in the Institute of Inorganic 
Chemistry at TU Dresden.   


 




 



 

 







 



 







 

 

  


 


(APTES)
Silanization
(Original silica gel) (Amino-silica)
M
at
er
ia
l 
an
d
 m
et
h
o
d
s 
4
8
  
 
a)
 I
ll
u
st
ra
ti
o
n
 o
f 
th
e 
sy
n
th
et
ic
 p
ro
ce
d
u
re
 o
f 
g
ra
p
h
en
e-
si
li
ca
 c
o
m
p
o
si
te
 



































 














 
































































(A
m
in
o
-s
il
ic
a)

 d
is
p
er
se
d
 i
n
 p
u
re
 w
at
er

 E
D
C
/N
H
S

 t
h
e 
am
in
o
-s
il
ic
a 
w
as
 a
d
d
ed
(G
ra
p
h
en
e 
o
x
id
e)


































H
yd
ro
th
er
m
al
(G
ra
p
h
en
e 
si
li
ca
 c
o
m
p
o
si
te
)
 b)
 C
h
em
ic
al
 r
ea
ct
io
n
 p
ro
ce
ss
 o
f 
sy
n
th
et
ic
 g
ra
p
h
en
e-
si
li
ca
 c
o
m
p
o
si
te
 
F
ig
u
r
e
 4
-2
: 
S
ch
em
at
ic
 d
ia
g
ra
m
 o
f 
sy
n
th
es
is
 o
f 
g
ra
p
h
en
e-
si
li
ca
 c
o
m
p
o
si
te
.
Material and methods 
49 
 
4.3 SPE experiments 
For the given target compounds, the ideal way to evaluate the performance of the new 
adsorption material is to select a standard or commercial sorbent for the purpose of 
comparison. However, due to the large number of existing commercial sorbents, it is 
impossible to test all of them. Hydrophilic lipophilic balanced (HLB) sorbents have 
been proved the most effective SPE sorbents in the simultaneous determination of a 
variety of chemicals. Therefore, in this thesis, Oasis HLB was selected as the 
reference sorbent. 
4.3.1 Packing method 
There are two methods available for packing powder sorbent into SPE cartridges: dry 
packing method and wet packing method. Dry packing method means that after 
grinding, 50 mg dry powder was directly packed into the SPE cartridges between two 
polyethylene frits, which can prevent loss of the sorbent powder. In order to ensure 
the comparability among different batch experiments, the height of sorbent in each 
cartridge should be controlled. The wet packing process was conducted by dispersing 
powdered sorbent firstly in an aqueous solution, such as water. Afterwards the 
solution mixed with sorbent was forced to pass through the cartridge under gravity. 
After the liquid part flowed out, sorbent powder was left in the cartridge. To 
investigate the differences between the different packing methods, stacked SPE 
cartridges were installed on the SPE vacuum manifold, in which one HLB cartridge 
was placed under one lab packed cartridge to test the potentially existing break 
through. 50 mL water spiked with five selected target compounds (the model 
substance at concentration of 10 µg/L for each) was loaded into the combined 
cartridges. 
4.3.2 SPE procedure 
3 mL lab-made cartridges were preconditioned with 3 mL methanol for 15 min, and 
then they were conditioned with 3 mL water with the same pH value as in the water 
sample for 15 min; while 6 mL Oasis HLB cartridges were preconditioned with 5 mL 
Material and methods 
50 
methanol for 15 min, and then were conditioned with 5 mL water with the same pH 
value as in the water samples for 15 min. To evaluate the performance of 
graphene-silica as the SPE sorbent, 16 substances were selected, including PPCPs, 
pesticides and artificial sweeteners, with pKa values ranging from 0.7 to 13.9, while 
log Kow values are below 4.8 (Table 7-1 a) ). 50 mL water sample spiked with the 
selected compounds (at concentration of 10 µg/L) was fed to the cartridges with the 
flow rate 1-2 drops per second (about 5 mL/min). After washing with water (3 mL for 
the lab-made cartridges while 5 mL for the Oasis HLB), the cartridges were dried 
under vacuum for 10 min. Then the analytes were simultaneously eluted with 5 mL 
methanol followed by 5 mL 2% formic acid in methanol. The eluate from the 
cartridge was evaporated to dryness with a gentle stream of nitrogen at 45 °C and then 
was re-dissolved in 1 mL water for the HPLC-MS/MS analysis. The SPE procedure is 
shown in Figure 4-3. 
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Figure 4-3: Illustration of SPE procedure. 
4.3.3 Optimization of SPE procedures 
In order to optimize the performance of graphene-silica as an SPE sorbent, some 
important parameters that might affect the performance of SPE were selected to be 
tested, including the amount of sorbent, the ratio of graphene oxide/amino-silica as 
well as variations the pH value of the water samples.  
The amount of sorbent is a crucial factor that affects the extraction efficiency. A 
quantitative retention cannot be obtained when the amount of sorbent is less than the 
optimum, which may cause an early break-through due to the insufficient adsorption 
sites. However, with increase of the adsorbed amount, the loading time is likely to be 
prolonged and the demand for the desorption process is higher, which may cause 
deficient elution. 4% (w/w) 50 mg, 100 mg and 150 mg graphene-silica composite 
were packed into 3 mL cartridges with the length of 0.35, 0.8 and 1.1 cm respectively, 
to test the influence of the sorbent amount. In a further approach it was planned to 
increase the fraction of graphene in the composites to achieve better performance. In 
the synthesis process, by adding different amounts of amino-silica into the graphene 
oxide colloid solution, the composites with different ratios of graphene and 
amino-silica can be obtained. 4%, 10%, 20% and 30% (w/w, weight of graphene 
oxide per weight of amino-silica) composites were employed to test the effect of 
graphene/amino-silica ratio on the recoveries of the target compounds. Absolute 
recoveries for each compounds can be obtained to divide the response factors in the 
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samples spiked before SPE by the response factors in the standard solution. To test 
the influence of pH value of water samples on the recoveries, the samples were 
adjusted to pH 3 and pH 9 by means of hydrochloric acid or sodium hydroxide. The 
pH value of the water samples was 6 when spiked with the mixture target compounds 
at 10 µg/L. Before extraction, the SPE cartridges should be pre-conditioned with the 
same pH value as exist in the water samples. 
4.3.4 Repeatability and reusability test  
Under the optimized experimental conditions, six lab-made cartridges, which were 
packed with graphene-silica composites from two different repeated synthetic batches 
were employed to test the repeatability by using an off-line SPE instrument. A 
10-time reusability test was carried out with three lab-made cartridges packed with the 
composite from the same synthetic batch. Oasis HLB cartridges were firstly employed 
to develop the program of the off-line SPE instrument. The program was set to the 
same conditions as the manual SPE operation. Before the extraction process, the LVI 
line was washed with 10 mL acetone and 20 mL water, and the flow path was washed 
with 10 mL methanol and 15 mL water. Afterwards the cartridge was pre-conditioned 
with 5 mL methanol twice followed by 10 mL water. 100 mL water sample was fed to 
the column with the flow rate 5 mL/min. After the cartridge was dried under vacuum 
for 30 min, the analytes were eluted with 5 mL methanol followed by 5 mL 2% 
formic acid/methanol at the flow rate of 1 mL/min. The eluate from the cartridge was 
evaporated to dryness with the gentle stream of nitrogen and then was re-dissolved in 
1.5 mL water for the HPLC-MS/MS analysis. After the injection, the LVI line was 
washed with 25 mL acetone and after the whole extraction process, the flow path was 
washed with 10 mL methanol. In addition, after extraction by means of the off-line 
instrument each cartridge was eluted manually again with 5 mL 2% formic 
acid/methanol to avoid the possible residuals.  
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4.4 Chemcatcher
®
 experiments 
4.4.1 Preparation and precondition 
The structure of Chemcatcher® is shown as Figure 4-4. Before assembling the 
sampler, all sampler body parts (including ring, Chemcatcher® body and the transport 
lip) have been washed with acetone in an ultrasonic bath for 10 min and rinsed with 
tap water, and then were washed in a dishwasher at 60 °C and dried overnight.  
A piece of the EmporeTM disk was placed on the funnel of the filtration equipment 
and clipped-in, and then 10 mL acetone was added and passed through the disk. After 
drying the disk under vacuum, 10 mL 2-propanol was added and passed through the 
disk under the same condition. When the disk was totally dry, the next 
pre-conditioning was conducted by submerging the disk into 50 mL methanol for 
30 min, followed by submerging into 50 mL water for 2 h. The PES membrane was 
pre-conditioned by soaking into 50 mL methanol for 30 min and then into 50 mL 
water for 2 h. The conditions for both disk and membrane are summarized in Table 
4-2 (Section 4.4.4). 
The conditioned disk was placed on the Chemcatcher® body, and then the conditioned 
PES membrane (optional) was placed on top, ensuring that no air bubbles remain in 
space between the disk and membrane. Then the retaining ring was screwed on 
(Figure 4-4b). The whole Chemcatcher® was subsequently filled with LC-grade 
water, closed with a transport lip and stored at 4 °C in zip-lock bags until exposure 
(less than 48 h). In order to test the performance and reference compounds, after the 
above pre-conditioning process, 100 mL water spiked with an internal standard mix 
(atrazine-d5, diclofenac-d4, ibuprofen-d3, sulfathamexazol-
13C6, 
5,6-dimethyl-1H-benzotriazol, and caffeine-13C3, 5 µg/L for each) was passed through 
the disk.
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Figure 4-4: Chemcatcher® structure. 
The graphene-silica receiving phase was constructed by forming a 
membrane-sorbent-membrane “sandwich”, based on the method of J.T. Baker 
Speedisk with a little modification [ 190 ]. A piece of methanol-conditioned PES 
membrane was placed on the funnel of the filtration instrument and clipped-in. 
200 mg graphene-silica composite was firstly dispersed in 10 mL methanol for 20 min 
as pre-condition step and then the suspension was added into the funnel and passed 
through the membrane under vacuum. When the methanol was just near to empty the 
vacuum was immediately stopped. As the result, the graphene-silica composite could 
be distributed on the membrane uniformly (Figure 4-5). The second 
methanol-conditioned membrane was subsequently placed over the sorbent and the 
funnel was clipped-in again. The whole “sandwich” was washed by 20 mL water and 
conditioned in 50 mL water for 15 min. By mean of a vacuum pump, the air bubbles 
between the two membranes could be removed when the water passed through. The 
diameter of the disk was 47 mm and the disk was about 1.5 mm in thickness. After the 
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conditioning, the whole “sandwich” was placed on the top of Chemcatcher® body. 
Then, the retaining ring was screwed on.
 
 
Figure 4-5: “Sandwich” form of graphene-silica composite as receiving phase.
4.4.2 Calibration of Chemcatcher®  
4.4.2.1 Preliminary test 
The feasibility test of Chemcatcher® with SDB-XC disks was carried out by exposure 
samplers in the beakers, in which 500 mL ultra-pure water was spiked with the target 
compounds at 100 ug/L, in order to determine adsorptive feasibility of the receiving 
phase and to determine renewal frequency. The exposure period was 7 days or
14 days for the different research purposes. The working schedule is presented in the 
Table 4-1. 1 mL water samples were taken from each beaker to test the uptake 
behavior as well as the stability of target compounds under the experimental 
conditions.
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Table 4-1: Working schedule of the feasibility test. 
Beaker 
No. 
Condition 
Exposure 
Time/Day 
Purpose 
1 
100 µg/L water samples only, without 
Chemcatcher® 
14 To evaluate degradation 
2 
Pure water with Chemcatcher® SDB-XC 
disk 
14 Blank control 
3 100 µg/L water samples with Chemcatcher® 
SDB-XC disk 
7 To test the feasibility of 
SDB-XC disk 4 7 
4.4.2.2 Experimental design of the beaker batch tests 
The calibration experiment conducted in the renewal experiment was composed of 
seven beakers with a Chemcatcher® and with 500 mL water sample spiked with 
500 ng/L of the selected compound in each (Figure 4-6). In order to fix the 
Chemcatcher® in the stationary position, Teflon bars were chosen to minimize the 
analyte sorption. The exposure experiments were carried out in a climatic cabinet, 
with the temperature at 15 °C and the samples were stirred at 200 rpm by using 
magnetic stirrers. According to the pre-test result, the samples were renewed every 
day. One Chemcatcher® was taken out after a certain interval to test the linear 
accumulation of the selected compounds and to determine the uptake rates. During 
exposure, aluminum foil was used to cover the beaker to minimize the loss due to 
evaporation. 
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Figure 4-6: Design of the calibration experiment in beaker batch tests. 
4.4.2.3 Experimental design of the flow-through system 
The calibration experiment conducted in the flow-through system was composed of a 
30 L stainless tank with a carousel in the middle where 14 passive samplers were 
placed on two levels (Figure 4-7). The carousel was driven by an electric overhead 
stirrer with adjustable rotation speed 50 rpm (0.55 m/s) that facilitated the dispersion 
of the stock solution in the water. The whole equipment was place inside a climatic 
cabinet with air conditioning, which can maintain the temperature at 15 °C. The 
concentration of the selected compounds was kept constant with a continuous in- and 
out-flow of the tap water (6 L/h) and the stock solution of a mixture of selected 
compounds (100 ng/mL for each) with in-flow rate 30 mL/h. The tap water inflow 
was regulated by a flow regulator and the stock solution was added by using a HPLC 
pump. The inflow-tubing of tap water and the stock solution were joint with a 
T-connector that both met in one point and then continued to flow in another tubing 
and subsequently into the tank. With help of the rotation of the carousel, in theory the 
concentration of mixture water samples in the tank should be kept at 500 ng/L. During 
the exposure time, two Chemcatchers® were removed in duplicate (one of each storey 
of the carousel device) after a certain interval and replaced by empty Chemcatcher® 
bodies to keep the hydrodynamic conditions constant. The pH value, temperature and 
conductivity were measured daily. 
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Figure 4-7: Design of the calibration experiment in the flow-through system. 
During the exposure period, direct-sampling regularly from the tank should be 
conducted to ensure the concentration of investigated substance in water sample to be 
constant or with negligible depletion. However, due to limitation and high cost of 
some stock chemicals, the determined concentration in the flow-through system 
design was lower than the determination limit of our HPLC-MS/MS instrument. 
Therefore, direct-sampling and measuring are not suitable. The alternative way was to 
assume that the stock solution can be mixed homogeneously with the tap water in the 
tank. The actual concentration can be obtained by sampling 1 mL from the stock 
solution and the testing out-flow rate. 
Prior to the Chemcatcher® exposure experiments, the vessel was cleaned with acetone 
and flushed with tap water in order to remove a possible biofilm. There were some 
tests conducted, including the HPLC pump test, flow regulator test, and carousel 
rotation test. At initiation, the tank was filled with 30 L water and 150 mL 100 ng/mL 
stock solution. After 4 h equilibration under stirring, the Chemcatchers® were placed 
on the carousel. Then the tap was turned on meanwhile the HPLC pump was started. 
The tank was kept closed throughout the experiments to prevent atmospheric 
deposition and photo degradation of the chemicals within the system. There was also 
a procedural blank given in the experiments.  
Material and methods 
59 
 
4.4.3 Monitoring application of Chemcatcher® in surface water 
The monitoring application of Chemcatcher® was conducted in the Elbe River 
(Dresden part) and in the Saidenbach reservoir (a drinking water reservoir in Free 
State of Saxony). 
Two PTFE cages with four Chemcatchers® in each were prepared for monitoring in 
the Elbe River from 18th August to 1st September 2016 (Figure 4-8) in summer and 
from 18th November to 2nd December 2016 in fall. Four Chemcatchers® were 
performed with XC disk with or without PES membrane, as well as with RPS disk 
with or without PES membrane respectively. In the fall, one Chemcatcher® with 
graphene-silica composite as receiving phase was applied for one week monitoring. 
The cages were applied to make sure that all the disks were exposed at the same level 
and to protect the Chemcatchers®. Every week one cage was taken back and at the end 
of the monitoring period. 2 L water sample was taken for the SPE experiments. The 
real-time monitoring date of water level of Elbe River can be obtained from 
https://www.umwelt.sachsen.de/. Thanks to the floating bridge, the variation of water 
level had no influence on the location of the Chemcatchers®, which was at all times 
12 cm under the water surface. The other parameters (pH value, temperature, 
conductivity, dissolved oxygen, and flow rate) were measured three times: before the 
exposure, after the first week, and after the second week. 
a) Teflon cages with Chemcatchers® b) Before exposure 
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c) The monitoring site in the Elbe River d) After 2 weeks exposure 
Figure 4-8: Application of Chemcatchers® in the Elbe River in August 2016. 
A floating island was constructed for the monitoring application of Chemcatcher® in 
the drinking water reservoir. A plate with six Chemcatcher® bodies was placed in the 
middle of a floating island, while the floating island was fixed with a monitoring site 
for cyanobacteria in the middle of the reservoir (Figure 4-9). Two Chemcatchers® 
with graphene-silica composite as receiving phase was employed for one week 
monitoring (from 12th September to 19th September). 
  
a) A plate with six Chemcatcher® b) The floating island in the reservoir 
Figure 4-9: Application of Chemcatchers® in the Saidenbach reservoir (a drinking water 
reservoir) in September 2017. 
4.4.4 Elution process 
After exposure, the Empore™ disks and the membranes were taken off from the 
PTFE body, washed with LC-grade water and dried under vacuum for 30 min. Then 
they were frozen at -18 °C in the zip-lock bags until elution. The optimal elution 
conditions for the disks and membranes are shown in the Table 4-2. 
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Table 4-2: Pre-conditioning and elution protocol of disks and membranes. 
 Pre-conditioning Elution 
Disk 
1. washed with 10 mL acetone, dry; 
2. washed with 10 mL 2-propanol, 
dry; 
3. soaking into 50 mL methanol for 
30 min; 
4. soaking into 50 mL water for 2 h. 
1. 10 mL methanol under ultrasonication 
for 10 min, twice; 
2. The elute was transferred to the 6 mL 
tube and evaporated to dryness in a 
gentle stream of nitrogen at 45 °C; 
3. reconstituted with water to 1 mL; 
4. filtrated with 0.2 µm RC-syringe filter. 
Membrane 
1. soaking into 50 mL methanol for 
30 min; 
2. soaking into 50 mL water for 2 h. 
1. 10 mL methanol under ultrasonication 
for 10 min, twice; 
2. The elute was transferred to the 6 mL 
tube and evaporated to dryness in a 
gentle stream of nitrogen at 45 °C; 
3. reconstituted with water to 1 mL. 
 
In terms of the graphene-silica receiving phase, after exposure the composite was 
collected into 3 mL SPE cartridge. After washing with 5 mL water, the cartridge was 
dried and frozen at -18 °C until extraction. The elution was conducted with 5 mL 
methanol followed by 5 mL 2% (v/v) formic acid/methanol. The eluent was 
evaporated to dryness in a gentle stream of nitrogen at 45 °C and reconstituted with 
water to 1 mL. 
4.4.5 Statistic data evaluation 
Linear regression models (fit linear analysis by Origin 8.0) with zero intercept were 
employed, with the accumulate mass of the respective analyte as response variable 
and exposure time as explanatory variable. The uptake rate value can be derived 
from the slope of the regression lines (see Eq.4) in Section 2.4.2.2.
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4.5 HPLC-MS/MS analysis 
All the HPLC-MS/MS measurements were achieved by using an Agilent 1100 HPLC 
series coupled to 3200 QTRAP mass spectrometer equipped with ESI interface. The 
separation was carried out with a Kinetex EVO C18 column (100 mm×2.1 mm, 5 µm, 
100 Å). The samples were transferred with an auto sampler. The injection volume was 
50 µL and the flow rate was 500 µL/min. Mobile phase eluent A was composed of 
water: methanol 95:5 (v/v) while eluent B consisted of water: methanol 5:95 (v/v). 
Both eluents contained 1.5 mM LC-grade formic acid. A multi-step gradient was 
applied and the optimized gradient conditions of the chromatographic separation are 
presented in Table 7-4. 
The MS analyses were performed in the positive electrospray ionization ESI (+) or 
negative electrospray ionization ESI (-) mode. Nitrogen used as desolvation gas was 
provided by a nitrogen generator. The settings of the ion source were equal for all 
substances (Table 4-3). 
Table 4-3: Ion source parameters of the HPLC-MS/MS target screen method. 
Parameter ESI (+) ESI(-) 
Ion spray voltage/[V] 5500 -4500 
Temperature/°C 450 450 
Curtain gas/[psi] 35 35 
Collision gas/[psi] medium medium 
Ion source gas 1/[psi] 60 40 
Ion source gas 2/[psi] 50 60 
Interface heater on on 
The multiple reaction monitoring (MRM) modes was used for the quantitative 
analysis. Two MRM transitions were considered for all target analytes and the 
relevant parameters and m/z ratios are shown in Table 7-5. The most intense daughter 
ion was used for the quantification of the response for each compound while the other 
one was used for confirmation purpose (qualifier iron). The quantification was 
performed using extrapolated method, with 10 points on calibration curve generated 
for each compound. The analyte concentrations ranged from 50 to 500 µg/L.
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5. Results and discussion 
To find out the performance of the graphene-silica composite as the SPE sorbent and 
the receiving phase in the passive sampler, a series of experiments were carried out 
and the results are presented in the following sections, which include characterization 
of the synthetic composite (see Section 5.1), optimization of the SPE process (see 
Section 5.2), feasibility test results of the composite as receiving phase in 
Chemcatcher® (see Section 5.3), application of the Chemcatcher® as monitoring tool 
in surface water (see Section 5.4). Moreover, the encountered problems of 
commercial disks as receiving phase in Chemcatcher® were discussed in Section 5.5. 
 
5.1 Preparation and characterization of graphene-silica composite 
By means of ultrasonication, powder graphene oxide can be dispersed in water and 
become a stable colloid solution. However, agglomeration happens when 
concentration of the solution exceeds 1 g/L. These features are consistent with the 
report of Liu [131]. In this study, the 0.5 g/L graphene oxide dispersion was employed 
for the synthesis and it can keep stable over one month (Figure 7-1). At the same time 
the volume of tube in the microwave autoclave should be taken into account, which is 
100 mL, but only four-fifths is allowed to be occupied, i.e. 80 mL. Therefore, the 
maximum amount of graphene oxide in each tube is only 40 mg, resulting in the low 
yield of the final graphene-silica composite. 
The synthetic composite was characterized by using scanning electron microscopy 
(SEM), X-ray diffraction (XRD), and energy-dispersive X-ray (EDX) spectroscopy. 
The morphology of different materials from SEM is shown in Figure 5-1. Figure 
5-1a illustrates that the original silica gel is spherical with clear and smooth surface. 
The typical SEM image of graphene oxide is semitransparent with a few wrinkles on 
the surface and the layered structure is presented in the nano-platelets (Figure 5-1b); 
while after hydrothermal treatment with the microwave autoclave, the surface of the 
wrinkles became to a fluffy and loose form (Figure 5-1c). The surface appearance of 
the reduced graphene oxide depends on the reagents and the reduction process 
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conditions [191]. In the images of graphene-silica composite (Figure 5-1d), it revealed 
that silica particles were tightly enfolded by the multi-layer fluffy graphene flakes on 
the surface. 
 
  
a  b  
  
c) d) 
Figure 5-1: SEM images of different materials: a) bare original silica gel; b) graphene oxide; c) 
graphene (obtained by hydrothermal treatment of graphene oxide in the microwave autoclave) and 
d) graphene-silica composite. 
XRD was used to verify the hydrothermal reduction method. The XRD pattern 
(Figure 5-2) of graphene oxide shows a sharp peak at 10-15 degree, indicating a 
crystalline structure. The presence of characteristic diffraction peak of graphene oxide 
disappeared after the hydrothermal in microwave autoclave, replaced by the broad 
characteristic peak of graphene. The graphene-silica gel shows amorphous structure, 
indicating that graphene on the surface is disordered and stacked in a few layers. 
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Figure 5-2: XRD pattern of graphene oxide, graphene and graphene-silica composite obtained 
after microwave autoclave reduction. 
Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for the 
elemental analysis or chemical characterization of a sample, which was used to 
determine the composition of original silica gel, graphene oxide-silica, and 
graphene-silica in the work. The results (Table 5-1 and details in Section 7.2.2) show 
that the original silica gel composes only of atoms of C, O, Si. After covalently 
immobilized with graphene oxide, the ratio percentage of carbon increased 
significantly (from 5.76% to 16.2%), while its nitrogen atoms counterpart arose 
accounting for 1.69% due to the amide bond (-CO-NH-) that connected silica gel and 
graphene part, indicating the successful anchoring of graphene oxide on the surface of 
silica gel. After the reduction, the relative percentage of carbon in the composites 
increased significantly again, from 16.2% to 30.4%. This is mainly because of the 
decrease in the proportion of oxygen atoms, which existed in oxygen-containing 
functional groups but was reduced during hydrothermal processes. The proportion of 
silicon atoms, as a support material, has minor reduction throughout the whole 
process.
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Table 5-1: EDX analysis of original silica gel, graphene oxide-silica and graphene-silica. 
 silica-gel graphene oxide-silica graphene-silica 
C 5.76 16.2 30.4 
N 0 1.69 6.48 
O 79.1 69.2 52.6 
Si 15.1 13.0 10.5 
Total 100% 
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5.2 SPE performance of the graphene-silica composite 
5.2.1 Preliminary test of packing methods 
As presented in the Figure 5-3, there were none of the selected compounds detected 
in the underside one of two stacked Oasis HLB cartridges, revealing that one Oasis 
HLB cartridge can be employed alone without breakthrough. Compared with the dry 
packing method, the recoveries obtained from the wet packed cartridge were lower. 
Moreover, there was some compounds detected in the Oasis HLB cartridge that 
placed under the wet packed cartridge, indicating breaking-through happened in the 
upside one. For SPE technique, mass transfer of analytes from the sample to the 
sorbent materials is time-dependent and equilibrium-based. In wet packing process 
sorbent was compressed by the liquid, resulting in the small height of the sorbent 
(0.35 cm) in the cartridge. In this case contact time between the compounds of interest 
in water samples and sorbent was shorter than the dry packed cartridge (0.8 cm). 
Therefore, dry packing method finally was selected for the further experiments. 
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Figure 5-3: Recovery of the analytes from cartridges packed with different methods. 
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5.2.2 Optimization of SPE procedures 
5.2.2.1 The amount of sorbent 
As shown in Figure 5-4, satisfactory recoveries for the majority of the compounds 
can be obtained without breakthrough when the SPE cartridges packed with 100 mg 
graphene-silica composite, except acesulfame K and sodium cyclamate. With the 
increase of the amount, recoveries of ibuprofen and saccharin declined sharply, while 
for aspartame and sucralose there was a significant rise. With comprehensive 
consideration for the recoveries of all analytes, in the further experiments, 100 mg 
graphene-silica composite was used. The length of the sorbent in the cartridge was 
controlled at 0.8 cm, enabling them to be comparable. 
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Figure 5-4: Effect of the sorbent amount on the recoveries of the selected compounds. 
5.2.2.2 Graphene ratio in the composites 
To improve recovery of the analytes, further approach was planned to increase the 
ratio of the graphene in the composites. On one hand, more graphene provides more 
effective sorbent sites. On the other hand, the polar surface of the silica encased by 
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more non-polar graphene enables the elution to be more effective. The recovery 
results (Figure 5-5) illustrate that when the ratio of graphene part increased from 4% 
to 20%, there was a steep rise in the recoveries of acesulfame K, aspartame, sodium 
cyclamate and sucralose. However, compared with ratio of 10% or 20%, when it rose 
up to 30% there were lower recoveries obtained for all the analytes. Additionally, the 
recoveries of gemfibrozil, ibuprofen, ranitidine, saccharin, and triclosan declined with 
the increase of the ratio. With comprehensive consideration for all analytes, 10% 
composite was selected finally with recovery over 70%, except four artificial 
sweeteners, ranitidine, and triclosan. 
A
ce
su
lfa
m
e 
K
A
ce
ta
m
ip
rid
A
sp
ar
ta
m
e
Ca
rb
am
az
ep
in
e
Ch
lo
ra
m
ph
en
ic
ol
Cl
ot
hi
an
id
in
D
ia
ze
pa
m
D
ic
lo
fe
na
c
G
em
fib
ro
zi
l
Ib
up
ro
fe
n
M
et
op
ro
lo
l
Ra
ni
tid
in
e
Sa
cc
ha
rin
So
di
um
 c
yc
la
m
at
e
Su
cr
al
os
e
Tr
ic
lo
sa
n






R
ec
o
v
er
y
/%
 4%  10%  20%  30%
 
Figure 5-5: Effect of the graphene ratios in the composites on the recoveries of the selected 
compounds. 
5.2.2.3 pH value of the water sample 
The sample pH value plays an important role in the SPE performance, because the pH 
value of the water sample determines the present state of the analytes in solution as an 
ionic or a molecular form, and thus determines the extraction efficiency of sorbent. In 
terms of the graphene-silica cartridges (Figure 5-6a), for saccharin high recovery was 
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only obtained under the acid condition, while for gemfibrozil, triclosan, ranitidine, 
and metoprolol, high recoveries were only obtained without pH adjustment or basic 
condition. Notability without pH adjustment the graphene-silica composite can still 
enrich the selected compounds, except sodium cyclamate. When HLB cartridges were 
employed, it was difficult to obtain satisfactory results under only one given pH value 
for all the selected compounds (Figure 5-6b). A satisfactory recovery of artificial 
sweeteners like acesulfame K, saccharin, and sodium cyclamate can be obtained only 
when pH value of the water sample was adjusted to 3, however, under such acid 
condition, the Oasis HLB cannot enrich most of PPCPs, such as carbamazepine, 
chloramphenicol, diazepam, diclofenac, gemfibrozil, ibuprofen, metoprolol, and 
ranitidine. It means that to extract the compounds with a wide spectrum of different 
physicochemical characteristics, different pH adjustment or sample buffering has to 
be performed for each sample in order to achieve satisfactory recoveries, which are 
time-consuming for large-scale environmental investigations. In addition, at low pH, 
more matrix components (mainly humic and fulvic acids) might be extracted. The 
stable recovery to the changed pH value is an important aspect that the 
graphene-silica performed as SPE sorbent is superior to its commercial Oasis HLB 
counterpart. 
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a) Effect of the pH value on the recoveries when graphene-silica SPE was employed. 
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b) Effect of the pH value on the recoveries when Oasis HLB SPE was employed. 
Figure 5-6: Effect of the pH value on the recoveries: a) when graphene-silica SPE was 
employed; b) when Oasis HLB SPE was employed. 
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5.2.3 Repeatability and reusability test 
5.2.3.1 Performance of the off-line SPE 
As shown in Figure 5-7, the recoveries of all the analytes obtained from the off-line 
SPE instrument were lower than the manual SPE operation. Three compounds 
(acesulfame K, sodium cyclamate, and triclosan) were under the limit of detection 
after the off-line SPE operation. Although the program was modified subsequently 
with increasing volume of the eluent from 5 mL to 7.5 mL, the recoveries did not 
change. On one hand, these compounds cannot be adsorbed effectively by Oasis HLB; 
on the other hand, due to the long flow path of the instrument between the water 
samples and the SPE cartridges, there were loss happened because of adsorption of 
analytes on the inner wall. Nevertheless, under the developed conditions after the 
water sample with high-concentration of contaminants employed, there was no 
residue left in the system. 
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Figure 5-7: Recoveries of the selected compounds obtained from the off-line SPE instrument 
(n=3) and the manual SPE operation (n=3) by using Oasis HLB. 
However, the repeatability of off-line SPE instrument (with RSD <8.8, n=3) was 
better than the manual SPE operation (RSD <14.3, n=3). Its performance was 
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attributed to the better-controlled conditions, such as sample flow rate in the loading 
process and eluent flow rate in the elution process.  Therefore, despite sacrificing the 
absolute value of the recovery, the further repeatability-test experiments would be 
conducted by using off-line SPE to avoid errors caused by manual operation. The 
performance comparison between the off-line SPE and manual SPE operation is 
shown in Table 5-2.
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Table 5-2: Comparison of the off-line SPE instrumental performance with manual SPE 
operation. 
 Off-line SPE Manual SPE operation 
Performance lower recovery but better repeatability better recovery but lower repeatability 
Time cost 
The extraction can be conducted only 
one by one; each extraction process 
costs more than 2.5 hours. 
12×SPE extractions can be conducted 
at the same time and finished in 6 
hours. Each extraction process costs 
about 0.5 hour. 
Solvent cost 
For each extraction: 35 mL acetone, 
30 mL methanol and 45 mL water 
cost. 
For each extraction: 5 mL acetone, 
20 mL methanol and 10 mL water 
cost. 
Labor cost Labor free A professional operator is required 
 
After extractions of the off-line instrument each graphene-silica SPE cartridge was 
eluted manually again with 5 mL 2% formic acid/methanol. There was still a large 
amount of the analytes can be found in the cartridge (Figure 5-8), indicating that 
under the proposed off-line SPE program, the analytes cannot be completely removed 
from the graphene-silica sorbent. Specifically, only four compounds (carbamazepine, 
diazepam, ibuprofen, and triclosan) can be eluted during off-line SPE operation 
without any residual in the cartridge; however, over 70% of acesulfame K and 
saccharin can only be recovered when eluted manually. In comparison with HLB, the 
adsorption affinity between the analytes and graphene-silica sorbent are stronger. 
Furthermore, unlike manual operation, by using the off-line SPE instrument the 
cartridges were eluted with the selected solvent drop by drop. However, the solvent 
cannot stay in the cartridges for long time due to the vacuum pump employed to 
control the eluent flow rate. Therefore, due to the insufficient contact time between 
eluent and sorbent the analytes cannot be eluted completely, despite the same volume 
of eluent was used. 
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Figure 5-8: Residual test (n=10) after off-line SPE (n=10) for the reusability test. 
5.2.3.2 Repeatability and reusability test results 
Good run-to-run relative standard deviation (RSD) was obtained based on six 
extractions (with RSD <19.9), except ibuprofen and saccharin, which confirmed that 
the synthetics method and the packing method were repeatable, while RSD of 10 
times extractions on single cartridge was lower than 14.9, excepted diclofenac, as 
shown in Table 5-3. All the results showed that graphene-silica could be used as a 
reliable sorbent in SPE cartridges.  
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Table 5-3: Average recoveries and relative standard deviations (RSDs) of analytes in terms of 6 
times repeatable and 10 times reusable test. 
Analytes 
Repeatability test (n=6) Reusability test (n=10) 
Average recovery / % RSD (n=6) Average recovery/% RSD  
Acesulfame K 22.98 18.10 45.22 14.03 
Acetamiprid 82.69 10.45 57.62 5.82 
Aspartam 46.39 17.90 65.70 12.99 
Carbamazepine 84.29 11.41 78.58 12.22 
Cloramphenicol 88.43 14.66 60.41 4.36 
Clothianidin 77.01 8.34 67.71 4.88 
Diazepam 74.09 6.36 63.23 14.28 
Diclofenac 56.37 19.09 56.11 37.35 
Gemfibrozil 54.37 11.39 78.59 12.01 
Ibuprofen 87.46 53.51 27.89 14.87 
Metoprolol 62.23 18.81 79.18 7.72 
Ranitidin 37.46 17.63 48.96 8.52 
Saccharin 45.25 44.51 70.54 14.57 
Sodium cyclamate 0.00 -- 0.00 -- 
Sucralose 53.83 18.73 41.05 11.51 
Triclosan 10.85 16.22 8.32 14.33 
5.2.4 Summarized discussion of the SPE performance 
The graphene-silica composite can be regarded as reverse-phase SPE with non-polar, 
hydrophobic sorbent with strong affinity for carbon-based ring structures. However, 
different from the typical hydrophobic sorbents, the presence of the residual 
hydrophilic group of graphene oxide after the hydrothermal reduction makes 
graphene-silica composite to be a mix-mode hydrophilic/lipophilic sorbent with a 
great potential for adsorption of compounds with a wide range of polarity. According 
to the results of the optimization procedure, it is obvious to divide the selected 
compounds into two groups: 
Group 1: The recoveries of compounds remained relative constant and were always 
satisfactory under the different conditions (Figure 5-9). From their molecule 
structures (Table 7-1), it is found that all these compounds in this group have the 
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conjugated system with delocalized electrons, suggesting that a non-electrostatic 
interaction such as π-π interaction played the dominant role in the adsorption of most 
compounds to the graphene-silica sorbent. The results from numerous researches on 
the extraction of polycyclic aromatic hydrocarbons by using graphene or graphene 
composite showed the good recovery as well [144, 190]. 
An increasing number of emerging contaminants detected in the aquatic environment 
are ionizable and therefore, partially or permanently charged (ionic) under the pH 
conditions of the surface water. For example, chloramphenicol exists in ananionic 
state in the range pH 7-9. Moreover, the pH value of the solution can influence the 
surface charge of the sorbent as well. When pH value changed from 2.9 to 9, the 
protonation states of selected compounds are summarized in Table 7-2. 
Compared with the graphene-silica composite, the recoveries of the same compounds 
in this group were more sensitive to pH value when the Oasis HLB SPE employed 
(Figure 5-10). Although as the pH changed from 2.9 to 6, no protonation of 
acetamiprid, carbamazepine, and chloramphenicol happened, the recoveries of these 
compounds were significant different under pH 3 and pH 6 due to the changed surface 
charge of the Oasis HLB. The zero point of charge (ZPC) is defined as the pH value 
where a net surface charge equal to zero is indicated. When pH > pHzpc, the sorbent 
surface possesses negative charge, while when pH < pHzpc, the material’s surface is 
charged positively [192]. When the pH value was reduced to 3, the strong surface 
positive charge of Oasis HLB affects the adsorption efficiencies of analytes because 
of electrostatic interaction between them. The zero point of charge of graphene or 
graphene composite has already proved to be 3.5 in numerous researches [193]. Under 
the experimental conditions in this study, when the sorbent was pre-conditioned by 
using the water at pH 3, the graphene-silica composite’s surface was charged 
positively as well, and at pH 6 and pH 9, the sorbent surface possessed negative 
charge. Therefore, the poor recovery of metoprolol obtained under pH 3 can be 
explained: under acid condition metoprolol presents 100% with positive charge 
(Table 5-4), resulting in the adsorption repulsed by positive charge on the surface of 
graphene. By contrast diazepam, even there are 64.0% of molecules existing with the 
positive charge at pH 3, it has other two aromatic rings that can provide conjugated 
system with delocalized π-electrons. It turns out that when the strong π-π stacking 
interaction recovery results was not sensitive with the pH value. 
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As the analytes at the environmentally significant concentration explored were as well 
retained working at the native pH of actual samples (7.0-7.7), the sorbent surface 
possessed negative charge when it is directly employed to extract the pollutants from 
the surface water. It is an important parameter to know, especially for the further 
monitoring application. 
A
ce
ta
m
ip
rid
Ca
rb
am
az
ep
in
e
Ch
lo
ra
m
ph
en
ic
ol
Cl
ot
hi
an
id
in
D
ia
ze
pa
m
D
ic
lo
fe
na
c
M
et
op
ro
lo
l
0
20
40
60
80
100
R
e
c
o
v
e
r
y
/%
 50mg  100mg  150mg
 
 
Results and discussion 
79 
 
A
ce
ta
m
ip
rid
Ca
rb
am
az
ep
in
e
Ch
lo
ra
m
ph
en
ic
ol
Cl
ot
hi
an
id
in
D
ia
ze
pa
m
D
ic
lo
fe
na
c
M
et
op
ro
lo
l
0
20
40
60
80
100
R
e
c
o
v
e
r
y
/%
 4%  10%  20%  30%
 
A
ce
ta
m
ip
rid
Ca
rb
am
az
ep
in
e
Ch
lo
ra
m
ph
en
ic
ol
Cl
ot
hi
an
id
in
D
ia
ze
pa
m
D
ic
lo
fe
na
c
M
et
op
ro
lo
l
0
20
40
60
80
100
R
e
c
o
v
e
r
y
/%
 pH 3  pH 6  pH 9
 
Figure 5-9: Influence of the different conditions on the recoveries of compounds in the first 
group when the graphene-silica composite SPE was employed. 
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Figure 5-10: Influence of the pH value on the recoveries of the compounds in the first group 
when the Oasis HLB SPE was employed. 
Table 5-4: Present state and polarizability of analytes at different pH values (I). 
Name pH 3.2 pH 6.1 pH 9 Polarizability/cm
3
 
Acetamiprid 99.55% (N a) 100% (N) 100% (N) 24.69 ± 0.5× 10-24 
Carbamazepine 99.92% (N) 100% (N) 100% (N) 27.62 ± 0.5× 10-24 
Chloramphenicol 100% (N) 99.94% (N) 
66.51%(N) 
33.46% (-) 
28.76 ± 0.5× 10-24 
Clothianidin 
13.95% (+) 
86.05%(N) 
99.98% (N) 98.56% (N) 22.89± 0.5× 10-24 
Diazepam 
63.98% (+) 
36.00% (N) 
99.78% (N) 100% (N) 32.07 ± 0.5× 10-24 
Diclofenac 
93.41% (N) 
6.59% (-) 
98.25% (-) 100% (-) 30.33 ± 0.5× 10-24 
Metoprolol 100% (+) 99.96% (+) 
75.84% (+) 
24.15% (-) 
16.24 ± 0.5× 10-24 
a N stands for neutral molecule 
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Group 2: In this group, the compounds are sensitive to the experimental conditions 
with unsatisfactory recovery results (Figure 5-11). Their molecule structures (Table 
7-1) indicate that these compounds have either no aromatic ring (like acesulfame K, 
sodium cyclamate, and sucralose) or the density of the delocalized electrons in the 
conjugated system is affected by inductive effect, as in the case of triclosan. Relative 
inductive effects have been experimentally measured with reference to hydrogen, in 
decreasing order of -I effect or increasing order of +M effect, as follows: 
–NH3+ > –NO2 > –SO2R > –CN > –SO3H > –CHO > –CO > –COOH > –COCl> –CONH2 > –F > –
Cl > –Br > –I > –OH > -OR > -NR2 > –NH2 > –C6H5 > –CH2=CH2 > –H 
The strength of inductive effect is also dependent on the distance between the 
substituent group and the main group that react; the greater the distance, the weaker 
the effect. 
According to their performance under different experimental conditions, they were 
further grouped into five subgroups as follows:  
1) Acesulfame K and sodium cyclamate: When 4% graphene-silica acted as the 
SPE sorbent, even when the maximum amount of 150 mg was employed, it 
cannot adsorb acesulfame K and sodium cyclamate when they are present in ionic 
form. If the ratio of graphene increased, their recoveries had been significant 
increased. The graphene part enables the sorbent capacity to be improved. When 
at pH 3, satisfactory recovery results can be obtained with both HLB and 
graphene silica composite. This is because they can bond with H ions under 
acidic conditions to form a neutral compound. 
2) Gemfibrozil, ibuprofen, and saccharin: With the amount of the sorbent 
increased from 50 mg to 150 mg or the ratio of graphene increased from 4% to 
30%, their recoveries decreased significantly, predicating that the adsorption 
affinity results in the ineffective elution, especially for saccharin, which can be 
proved by the following residual test (Figure 5-8). 
3) Aspartame. This substance possesses two pKa values. Over 90% of neutral 
molecules exist when the pH value of the sample is between 3.4 to 6.6 (Table 
7-2), which is consistent with the report by Berset et al. [194] that aspartame can be 
hydrolyzed at sample pH below 3.4 or above 5.0. To obtain a reliable 
quantification of aspartame, it is suggested that the pH should be adjusted to 4.3 
in order to avoid the formation of metabolites. Besides, its recovery is not only 
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affected by the sorbent, but also by the mobile phase used in HPLC. A buffer 
solution is necessary. 
4) Sucralose. It is an interesting compound for the adsorption research with a pKa of 
12.5 and a log Kow of 0.23. Although it has not an aromatic ring or a conjugated 
system, the recovery obtained was always acceptable, no matter graphene-silica 
composite or Oasis HLB was employed. 
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5) Triclosan: Contrary to sucralose, although this substance has two aromatic rings 
in its structure, the recovery was relatively poor. The –Cl and –OH groups have 
an electron-withdrawing effect, therefore the density of the delocalized electrons 
in conjugated system is largely decreased. 
 
The measurement of the compounds in the second group was carried out in the 
negative electrospray ionization ESI (-) of HPLC. Compared with the compounds that 
measured in the positive mode, the response values of chromatographic peaks of these 
substances were lower (Figure 7-3), indicating the lower sensitive or higher limit of 
detection. The calibration curve was obtained by double measurements of the same 
calibration solutions. However, the repeatability exhibits always serious problems due 
to its sensitivity to the pH value.  
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Figure 5-11: Influence of the different conditions on the recoveries of compounds in the second 
group when the graphene-silica composite SPE was employed. 
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Figure 5-12: Influence of the pH values on the recoveries of the compounds in the second group 
when the Oasis HLB SPE was employed. 
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Table 5-5 : Present state and polarizability of analytes at different pH values (II). 
Name pH 3.2 pH 6 pH 9 Polarizability/cm
3
 
Acesulfame K - - - 12.89 ± 0.5× 10-24 
Aspartame 
14.40% (+) 
85.59% (+/-) 
99.87% (+/-) 93.24% (-) 29.34 ± 0.5× 10-24 
Gemfibrozil - - - 28.50 ± 0.5× 10-24 
Ibuprofen 92.64%(N) 98.44% (-) 100% (-) 24.90 ± 0.5× 10-24 
Saccharin - - - 16.61 ± 0.5× 10-24 
Sucralose 100% (N) 100% (N) 100% (N) 32.01 ± 0.5× 10-24 
Triclosan 100% (N) 99.80% (N) 
38.73% (-) 
61.27% (N) 
24.45 ± 0.5× 10-24 
 
In summary, when graphene-silica composite is used as a sorbent, the main adsorption 
force between the sorbents and the analytes is π-π stacking interaction. For the 
substances that have a larger conjugated system with delocalized electrons, such as 
polycyclic aromatic hydrocarbons, the recovery can reach values higher than 80%. 
Moreover, its performance is less affected by pH, which is a great advantage when 
compared with the commercial Oasis HLB. In other words, it can have a stable 
adsorption capacity in the changing environment conditions. For this reason, the 
graphene-silica material has potential to be used as receiving phase of passive sampler 
for long-term environmental monitoring. When the protonation of a compound of 
interest occurs, the ionization portion does not influence the adsorption efficiency if it 
does not affect the electrons cloud in the conjugate structure. However, for substances 
that have no delocalized structure, the recovery results are not satisfactory. For such 
compounds, a further modification of the graphene surface is required. 
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5.3 Calibrating results of Chemcatcher
® 
 
5.3.1 Pre-test results 
5.3.1.1 Feasibility test of commercial disks as receiving phase 
The primary test of Chemcatcher® with SDB-XC disk was carried out to determine 
the adsorptive feasibility and to determine the renewal frequency. Figure 5-13 shows 
the concentration change of each target compound in the beakers 3 and 4 during the 
exposure period. It can be seen that the concentration of majority of the selected 
chemicals dropped sharply in one day, and after 7 days exposure the adsorption rates 
were higher than 90%, except clothianidin (60%). Therefore, the renewal interval of 
next experiments should be set to one day. However, the concentrations of artificial 
sweeteners, such as acesulfame K, saccharin, and sodium cyclamate, kept constant 
during the whole experimental process, indicating that these substances cannot be 
adsorbed by the SDB-XC disks. While the concentration of aspartame dropped 
rapidly to 40% after the 1st day exposition, but on the 4th day it rose sharply to 160%, 
even higher than the original concentration. The main reason is that, as mentioned 
above in Section 5.2.4, this substance is easily to be protonated. The absent buffer 
solution during the HPLC measurement resulted in the test error. 
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Figure 5-13: Concentration of each target compound in the beakers with Chemcatcher® with 
SDB-XC disks during one week exposure period (n=2). 
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5.3.1.2 Stability test 
The possible stability of the target compounds was tested by sampling 1 mL from the 
beaker 1 with 500 mL ultra-pure water spiked with mixture analytes at 100 µg/L. The 
beaker was exposed under the same conditions as the feasibility test experiment (at 
15 °C in the darkness) for two weeks. As presented in Figure 5-14, apart from 10% 
loss of diazepam and diclofenac, the concentration of other substance remained 
relatively constant, demonstrating that no degradation happened. Again, due to the 
protonation of aspartame during HPLC-MS/MS measurement process, the 
concentration of this substance shows fluctuations. 
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Figure 5-14: Stability test of the analytes when exposure under 15 °C in the darkness for 
14 days. 
5.3.1.3 Elution optimization. 
Various methods for elution of the receiving disks are available in published articles. 
Finally, ultrasonic bath was selected since there are numerous advantages given, for 
instance the whole part of the receiving disks could be covered by solvents and it is 
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feasible to remove the adsorbed analytes within a short time. Furthermore, ultrasonic 
bath was also more practical in its handling: ten samples could be processed at the 
same time. Therefore, the handling process is time-saving and facile. 
The eluent solvents influence significantly the recoveries of the target compounds. 
The properties of solvent commonly used in the laboratory as eluents for the polar 
analytes are shown in Table 5-6. In addition to the polarity properties, their price and 
accessibility should be taken into account as well. Regarding to elution of the selected 
target analytes (the log Kow values are below 4.8) from the SDB-XC disk, the 
common solvents reported in the articles are methanol, acetonitrile and acetone [149]. 
Table 5-6: The properties of solvents commonly used in the laboratory as eluents for the polar 
analytes, arranged in order of decreasing 
 value a, as empirical parameter of solvent polarity 
[195]. 
Solvent Formula tbp/°C
b tmp/°C
c 
Solubility in 
water 
(g/100g) 
Relative 
polarity 
Eluent 
strength 
Vapor 
pressure 
20 °C (hPa) 
Water H2O 100 0  1.000 >>1 17.5 
Methanol CH4O 64.5 -97.7 m
d 0.762 0.95 128 
Ethanol C2H6O 78.3 
-114.
5 
m 0.654 0.88 59 
Acetic acid C2H4O4 117.9 16.7 m 0.648 >1 15.3 
Acetonitrile C2H3N 81.6 -43.8 m 0.460 0.65 97 
Acetone C3H6O 56.1 -94.7 m 0.355 0.56 240 
Ethyl 
acetate 
C4H802 77.2 -83.6 8.7 0.228 0.58 97 
a Normalised 
 values, derived from the transition energy at 25 °C of the long-wavelength visible 
absorption of a standard pyridinium N-phenolate betaine dye. b tbp: boiling point temperature at 1013 
hPa; c tmp: melting point temperature; d. m means miscible 
 
The experiments of elution optimization were conducted by eluting the disks from the 
feasibility test (beaker 3 and beaker 4) in the ultrasonic bath for 10 min with 2*10 mL 
acetone (variant 1) and 2*10 mL methanol (variant 2) respectively. Afterwards the 
disks were eluted by 5 mL acetonitrile and 5 mL 2% (v/v) formic acid/methanol in 
order to ensure the elution was completed.  
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Figure 5-15 shows the recovery results of investigated substances by each elution 
variant, which was calculated on the assumption that the reduced amount in the 
beakers (Figure 5-13) can be nearly 100% adsorbed. Except that diazepam tended to 
be eluted by variant 2 and for diclofenac and sucralose the higher recoveries were 
obtained when methanol was firstly employed, there is no significant difference in the 
performance of these two elution variants for the other compounds.  
Figure 5-16 shows recoveries of the selected compounds eluted from the SDB-XC 
disks with each elution solvent, which is shown in percentage and was obtained by 
comparing the recovery of each step of a certain elution to the whole recovery of this 
certain elution in order to offer the relationship between the solvents used (type and 
volume) and the recovery of each compound. The experimental results demonstrated 
that 90% of the analytes can be eluted by using only 2*10 mL acetone or 2*10 mL 
methanol. Therefore, in the further experiments, the elution process was conducted by 
using 10 mL methanol under ultrasonication for 10 min twice. 
However, for ranitidine and triclosan, the recoveries from the SDB-XC disk were 
relatively low. In the Figure 5-13, it can be seen that their concentrations in the 
beaker reduced significantly as well, but only few amounts were detected in the eluate 
from the SDB-XC disk (Figure 5-15). There are several possible reasons contributing 
to their poor recoveries: 
a) These substances have been adsorbed by the disks, but cannot be eluted completely. 
Therefore, after eluted with elution variant 1 and 2, the disks were eluted again 
with other solutions, such as ethyl acetate, 2-propanol or 5% (v/v) ammonium 
hydroxide/methanol. However, these two compounds were still missing in the 
eluate.  
b) There were losses during the elution process, such as adsorption on the inner wall 
of the dish or the tubes, or losses during filtration process before the determination 
of HPLC (see the results in the Section 5.3.1.4). 
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Figure 5-15: Recoveries of the selected compounds eluted from the SDB-XC disks with 
different elution variants. Elution variant 1: 2*10 mL methanol, 5 mL acetonitrile and 5 mL 2% 
(v/v) formic acid/methanol; elution variant 2: 2*10 mL acetone, 5 mL acetonitrile and 5 mL 2% 
(v/v) formic acid/methanol. 
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Figure 5-16: Recoveries of the selected compounds eluted from the SDB-XC disks with each 
elution solvent in the different variants. 
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5.3.1.4 Recovery of the filters 
After the elution, the eluent was evaporated to dryness in a gentle stream of nitrogen 
at 45 °C and reconstituted to 1 mL with water for the HPLC-MS/MS measurement. 
However, the solution became very turbid and there were obvious suspended particles 
inside. This could be caused by the destruction of the disk material in the organic 
solvents. If this solution is injected directly into the HPLC column, the particles could 
remain in the sorbent of the column, causing permanent damage. Therefore, filtering 
the solution before HPLC-MS/MS measurement is a commonly used strategy. To test 
the recovery of different filters, 1 mL calibration solutions with the analytes at the 
different concentrations (from 50 to 500 µg/L) were filtered by RC and PTFE filter 
respectively. The obtained average recoveries are shown in the Figure 5-17. 
Althoµgh the recoveries of PTFE were higher than RC for most substances, poor 
recoveries were obtained for diazepam, metoprolol, ranitidine, and triclosan. The total 
loss amount from RC filter was smaller. Therefore, the RC filter was selected in the 
subsequent experiments. Nevertheless, when RC filters were employed, there was a 
greater effect on the low concentration than the high counterpart. For example, the 
recovery of acesulfame K at 50 µg/L was only 23.5% and the recovery of metoprolol 
was only 25.6% at 100 µg/L. Moreover, after filtration of 50 µg/L samples, the 
concentrations of seven analytes were even below the HPLC detection limit. The 
recoveries of all the analytes 150 µg/L were over 80%, except metoprolol, ranitidine, 
and triclosan. In the subsequent experiments the calibration solutions (from 50 to 
500 µg/L) and the experimental samples were simultaneously filtered and then 
measured by HPLC. Due to poor recoveries of low concentrations, calibration the 
linear ranges of the standard solution were narrowed. 
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Figure 5-17: Average recoveries of PTFE and RC filters of the calibration solutions, with 
concentration range from 50 to 500 µg/L (n=9 or n=10). 
* Aspartame is absent due to the unstable performance in the HPLC measurement 
5.3.2 Calibration results of renewal experiments 
According to the semi-empirical uptake rate model (Figure 2-6), we can assume that 
the kinetic curve (accumulated mass of the respective analyte as response variable and 
exposure time as explanatory variable) could be presented in three cases: a) nonlinear 
adsorption; b) reach the equilibrium; or c) linear accumulation. The experimental 
results under the different conditions are given in the following sections: calibration 
results of the SDB-XC disks without and with membranes (Section 5.3.2.1) and 
calibration results of the graphene composite as receiving phase (Section 5.3.2.2).  
5.3.2.1 SDB-XC disks without and with membranes 
The linear regression models were employed for the accumulated amount of 
compounds on the SDB-XC disks without and membranes, as shown in Figure 5-18. 
The uptake kinetics of seven compounds remained approximately linear during whole 
exposure period with the determination coefficient above 0.90. For diclofenac, 
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sucralose, and triclosan (Figure 5-19), the linear accumulation started from the third 
day, indicating that the existence of competitive adsorption when multiple substances 
were simultaneously proposed. The sorption curves of other compounds were 
fluctuating. Calibrated sampling rate Rs can be calculated by dividing the slope of the 
linear uptake curves by the water concentration. The Rs values of these compounds 
ranged from 0.09 L/day (chloramphenicol) to 0.69 L/day (carbamazepine) (Table 
5-7). 
Membrane as the diffusion layer plays important roles, such as to avoid receiving 
phase loss or damaging during sampling process and to reduce the uptake rates in 
order to keep longer linear phase. Its performance appears to be highly 
compound-dependent. Therefore, for the given compounds, the function of 
membranes should be investigated. Moreover, when the graphene-silica composite 
powder employed as the receiving phase of the sampler, the membranes are necessary. 
In this case, to make the uptake rate being comparable with the commercial disks, the 
experiments need to be carried out under the same investigated conditions. 
The uptake kinetics of seven compounds remained approximately linear when 
SDB-XC disks with PES membranes employed during whole exposure time as shown 
in Figure 7-4. The amount of the compounds on the membrane in the first two days 
was relative high, afterwards reduced significantly, indicating that the substances 
were first adsorbed by membrane and then mass distribution happened between 
membrane and sorbent. Compared with the results of uncovered SDB-XC disks 
(Figure 5-18 left column), the accumulated amount on the receiving phase declined 
significantly, resulting in lower uptake rate (Table 5-7). This is consistent with the 
research results from Kingston and Camilleri et al. [127, 166]. Although better linear 
regression can be obtained with the coefficient over than 0.95, membrane may have 
resistance influence on the spread of pollutants from the medium to the disk, making 
some compounds cannot be accumulated on the disk, such as diclofenac and 
gemfibrozil. 
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Figure 5-18: Comparison of linear accumulation performance with SDB-XC disks without (left 
column) and with SDB-XC disks + PES membranes (right column). 
× the accumulated amount on the disks; ▲the accumulated amount on the PES membranes 
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Figure 5-19: Linear regression for the uptake kinetics of diclofenac, sucralose and triclosan. 
SDB-XC disks without membranes as receiving phase in the renewal experiment. 
5.3.2.2 Graphene-silica composite as receiving phase 
Twelve compounds accumulated on the graphene-silica composite followed linear 
uptake for 2 weeks with r2 of the regression above 0.86 (Figure 7-5), except sodium 
cyclamate, ranitidine, and triclosan, which can be negligibly accumulated either by 
graphene-silica composite or by the commercial sorbent disks. The uptake rate Rs 
determined from the linear regression was 0.01 L/day (acesulfame K and sucralose) to 
0.08 L/day (clothianidin), as shown in Table 5-7. 
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The accumulation behavior of the substances on the membranes depends on the 
sorbent material. Unlike the SDB-XC disk, when graphene was used as the receiving 
phase, the substances can more easily pass through the semipermeable membrane to 
the adsorption medium, which can be proved by the lower amount on the first day of 
the membranes (Figure 5-20). Moreover, the results presented in this work show that 
graphene-silica enables versatile applications because it can accumulate more 
compounds, such as acesulfame K, saccharin, diclofenac, gemfibrozil, and ibuprofen 
that cannot be adsorbed on the commercial disks with PES membrane. Therefore, the 
composite was turned out to be superior to its commercial counterpart. However, the 
linear fit of accumulation on the composite was not as good as on the SDB-XC disks 
due to the separated elution procedure. As after the exposure, the composite was 
collected into a 3 mL glass SPE cartridge for the elution. There was more or less loss 
of the sorbent powder during the transferring process and the amount of loss was 
difficult to be controlled. 
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Figure 5-20: Comparison of linear accumulation performance of SDB-XC disks with PES 
membrane (left column) and with graphene-silica composite (right column). 
× the accumulated amount on the disks; ▲the accumulated amount on the PES membranes;  
the accumulated amount on the graphene-silica composite; ■ the accumulated amount on the PES 
membranes.  
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Table 5-7: Determination coefficient (r2) from the linear regression and the uptake rate (Rs, 
L/day) of the selected compounds obtained from the calibration experiment in the beaker renewal 
experiment with the different receiving phases. 
 
SDB-XC SDB-XC+PES Graphene-silica+PES 
PESPES
r
2 a
 RS 
b
 r
2
 RS r
2
 RS 
PPCPs 
Carbamazepine 0.98 0.68 0.98 0.15 0.97 0.05 
Chloramphenicol 0.90 0.09 0.99 0.08 0.96 0.06 
Diazepam 0.99 0.39 0.99 0.09 0.98 0.05 
Diclofenac 0.83c 0.14 -- -- 0.97 0.03 
Gemfibrozil 0.92 0.10 -- -- 0.92 0.03 
Ibuprofen 0.99 0.07 -- -- 0.91 0.02 
Metoprolol 0.99 0.56 0.99 0.12 0.94 0.06 
Ranitidine -- -- -- -- -- -- 
Triclosan 0.95 0.03 -- -- -- -- 
AS 
Acesulfame K -- -- -- -- 0.93 0.01 
Saccharin -- -- -- -- 0.98 0.02 
Sodium cyclamate 
cyclamate
-- -- -- -- -- -- 
Sucralose 0.93c 0.11 0.96 0.02 0.86 0.01 
Pesticides 
Acetamiprid 0.98 0.29 0.99 0.1 0.97 0.06 
Clothianidin -- -- 0.95 0.02 0.97 0.08 
a. r2 means coefficient of determination, obtained from the linear regression. b. Rs stands for uptake rate 
(L/day), calculated by dividing the slope of the linear uptake curves by the water concentration. c. linear 
range of adsorption starts from the 3rd day. 
5.3.3 Calibration results of the flow-through system experiments 
5.3.3.1 Determination of experimental parameters 
The flow-through system experiment was conducted in a 30 L tank. In order to enable 
the experimental results to be comparable with their renewal counterparts, the 
concentration of the analytes in the tank first determined to be 500 ng/L. The flow rate 
of the stock solution was controlled by HPLC pump and the flow rate of the tap water 
was regulated by flow regulator (Figure 4-7). In this case before starting the 
experiment there are several parameters that should be calculated and tested in view 
of constancy/correct value, such as the concentration of the analytes in the stock 
solution, the flow rate of the tap water and of the stock solution. Moreover, the whole 
process for each approach was planned to be 14 days with a continuous in- and 
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out-flow of a mixture of the tap water and stock solution. The limitation and high cost 
of some stock chemicals should be taken into account. In the further experiments the 
target substances were reset due to the following reasons:  
a) The sweeteners that cannot be adsorbed either by SDB-XC disks or graphene 
composite proved by the previous experiments were removed (only sucralose left). 
The removal of the triclosan and ranitidine was for the same reason; 
b) Diazepam was removed due to the consideration of the adverse effect on the 
environment; 
c) Several compounds were added based on the first qualitative monitoring results in 
Elbe River (see Section 5.3.4) and the reported results of the common pollutants 
in the literature. They are atrazine, caffeine, diuron, iopromide, tolytriazol, and 
1-H-benzotriazole. The new selected target compounds and their physicochemical 
properties are summarized in Table 7-1b). 
The pre-test was carried out with a low flow-rate. Due to the pressure generated by 
the 30 L water in the tank, the low flow rate water cannot enter the tank at the bottom 
without using an additional power pump. The pressure in a static fluid arises from the 
weight of the fluid and is given by the expression: 
                                                    5-1) 
where, ρ is the fluid density (for the tap water, it is ca. 1000 kg/m3), g is the 
acceleration of gravity (9.8 m/s2) and h means depth of fluid, which is 490 mm in this 
work.  
While according to Bernoulli's principle: 


              5-2  
where, v is flow speed (m/s), A is the cross-sectional area of the pipe (m2), which can 
be calculated by the diameter of the inlet vessel (5 mm). P is the change in pressure. 
Therefore, under the initial conditions, the flow rate  can be calculated by Eq.5-3). 
                                                              5-3  
For the measurement of the flow regulator, the discharge of the tap water was set to 
100 mL/min, verified by measuring the outlet flow manually with graduated cylinder 
and stopwatch. The stock solution with the analytes was set at 100 ng/mL and 
controlled by HPLC pump with 0.5 mL/min. The determined experimental parameters 
and the consumption of materials throughout the experimental process are 
summarized in Table 5-8. Notably, the stock solution was stored in a 2.5 L brown 
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reagent bottle. A special attention to the consumption of the solution is necessary. The 
stock solution should be renewed within 3 days. 
Table 5-8: Determined experimental parameters and the consumption of materials in the 
flow-through system experiment. 
 Conditions Total consumption in one test period 
In the tank 30 L, 500 ng/L - 
Tap water 100 mL/min (6 L/h) 2016 L 
Stock solution 
100 ng/mL 0.5 mL/min  
(30 mL/h) 
1008 µg for each compounds 
10.08 L stock solution 
Duration 14 days 14 days 
Disk - 7-14 disks 
PES Membrane optional Consistent with the employed disks 
Graphene- 200 mg for each samples 1400-2800 mg composite 
The temperature (T), pH value and conductivity were measured daily during the 
exploring period (n=14) (T=16.2 °C, pH=7.8), which were relatively stable. However, 
the conductivity shows an extremely fluctuating with unknown reason. 
5.3.3.2 Concentration control 
According to Eq.2-4, to obtain the uptake rate of a given substance, its concentration 
in the model water sample is an important parameter. During the exposure time, 
regular direct-sampling from the tank should be conducted to ensure the concentration 
of the analytes in water phase keeping constant or with negligible depletion. However, 
due to limitation and high cost of the stock chemicals, the determined concentration in 
the flow-through system was lower than determination limitation of the 
HPLC-MS/MS. Therefore, in this case, direct-sampling method is not suitable. The 
alternative way was to assume that the stock solution can be mixed homogeneously 
with the tap water in the tank. The actual concentration can be obtained by sampling 
1 mL from the stock solution with mixture of the analytes at 100 µg/L and the testing 
out-flow rate. As presented in Figure 5-21, although there is fluctuation caused 
probably by the renewal of the stock solution, the concentration of the selected 
substance remained relatively constant, apart from 10% loss of carbamazepine, 
clothianidin, and iopromide due to the possible degradation. The average flow rate 
measured manually at the outlet was 100.3 mL/min (n=14), which should be 
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100.5 mL/min theoretically. It has turned out that the HPLC pump flow worked stably 
and the flow rate was kept constant at 0.5 mL/min, and thus the error of the outlet 
flow rate came from the tap water because of the pressure changing of the faucet pipe. 
The calculated concentrations of the substances in the tank are shown in Table 5-9. 
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Figure 5-21: Concentration change of the analytes in the stock solution at the room temperature. 
Exposure time: 14 days. 
Table 5-9: Calculated average concentration of the analytes in the tank. 
Compounds Con.(ng/L) 
a
 Compounds Con.(ng/L) Compounds Con.(ng/L) 
1H-Benzotriazole 499.8 Chloramphenicol 536.6 Ibuprofen 532.0 
Acetamiprid 508.4 Clothianidin 435.6 Iopromide 428.4 
Atrazine 500.2 Diclofenac 534.0 Metoprolol 476.7 
Caffeine 484.0 Diuron 573.2 Sucralose 530.6 
Carbamazepine 436.1 Gemfibrozil 560.9 Tolyltriazole 490.5 
a. Con. is the abbreviation of concentration 
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5.3.3.3 Calibration results 
SDB-XC disks without PES membranes 
Similar to the previous experiment, based on the chromatographic analysis results, the 
linear and non-linear regression models were employed for the accumulation of the 
compounds on the uncovered SDB-XC disks. Compared to the renewal experiment in 
the beakers, the linear accumulation range is shorter in the flow-through system. 
Taking metoprolol as an example (Figure 5-22), the adsorbed amount of the 
substance on the disk was close to the equilibrium phase only after 7 days. The 
calculated uptake rate is 1.04 L/day, which is twice over the Rs obtained in the beaker 
renewal experiment. The accumulations of acetamiprid, carbamazepine, 
chloramphenicol, diclofenac, diuron, and iopromide were presented with the similar 
adsorption curve as well (Figure 7-6). In the beaker experiment, if the sum of the 
uptake of all the substances is greater than the total amount in the water sample during 
renew period, the continuous uptake cannot be guaranteed. Therefore, the static 
renewal experiment is only applicable to the previous feasibility test and the accuracy 
of the calibration result is suspicious. In the flow-through system when SDB-XC 
disks without membranes were employed, only atrazine can keep linear kinetics in the 
14 days (Figure 5-22) while 1H-benzontriazole, caffeine, clothianidin, and 
tolyltriazole can be adsorbed by the disk as well but the accumulated amount were at 
random, which can be regarded as qualitative monitoring. Under the developed 
condition in this work, the calibration results obtained from the flow-through system 
(Table 5-10) can be only used for the quantitative monitoring within 7 days (except 
atrazine) if the membrane is absent. 
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Figure 5-22: Uptake kinetics of metoprolol and atrazine. SDB-XC disks without membranes as 
receiving phase in the flow-through system. 
SDB-XC disks with PES membranes 
When the SDB-XC disks were covered with the PES membranes, nine substances 
remained linearly accumulated for 14 days. The uptake kinetics is presented in Figure 
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5-23. Moreover, the calibration results obtained in the flow-through system were 
comparable to those obtained in the beaker renewal experiment. As discussed in the 
Section 5.3.2.2, the uptake rates of the substance can be greatly reduced if a 
semi-permeable membrane is covered on the SDB-XC disk. Even in the beaker 
renewal experiment, since the total amount of the substances in the water sample is 
still greater than their uptake amount, the continuous uptake can be guarantee. The 
uptake rate should be a constant if the substance can be extracted continuously. 
Therefore, the differences of these two experimental designs are not much significant. 
In addition, in both experiments when SDB-XC disks were employed with or without 
membranes, the acceptable error between the accumulated amount of the substances 
in the upper and lower layers of the carousel was not significantly different, 
demonstrating that the stock solution and tap water can be uniformly mixed in the 
tank under the stirring, i.e. the substance concentration was homogeneous at any 
positions in the tank. Notably, diuron cannot be adsorbed with the disk but can be 
accumulated linearly on the PES membrane during the exposure period (Figure 5-24). 
Therefore, for monitoring of this compound in the surface water, the SDB-XC disk 
should be equipped without PES membrane and the monitoring period should be 
within one week. 
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Figure 5-23: Linear regression for the uptake kinetics of selected compounds. SDB-XC disks 
with PES membranes as receiving phase in the flow-through system. 
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Figure 5-24: Linear accumulation of diuron on the PES membranes in the flow-through system. 
Graphene-silica composite as the receiving phase 
After 14 days exposure in the flow-through system, nine substances can be 
accumulated on the graphene-silica receiving phase in a linear kinetic manner (Figure 
5-25) with r2 of the regression above 0.90. The calculated uptake rates (Table 5-10) 
were comparable with their counterparts obtained from the beaker renewal experiment 
but decreased slightly. One possible reason is that tap water was used in the 
flow-through system instead of ultrapure water. Biofilm may grow on the PES 
membrane, resulting in an increase in mass transfer resistance during the diffusion of 
compounds from the liquid phase to the receiving phase. After two weeks of exposure, 
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there was a slippery film on the inner wall of the tank, probably due to biofilm growth 
as well. In order to achieve more accurate monitoring data that correct the error 
caused by biofilm, it is necessary to evaluate the applicability performance and 
reference compounds. 
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Figure 5-25: Linear regression for the uptake kinetics of selected compounds. Graphene-silica 
composite as receiving phase in the flow-through system.  
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Table 5-10: The uptake rate (Rs, L/day) of the selected compounds obtained from the 
calibration experiment in the flow-through system experiment with the different receiving phases. 
Compounds RS/SDB-XC 
a RS/SDB-XC+PES 
b RS/Graphene-silica 
b 
1H-Benzotriazole -- -- -- 
Acetamiprid 0.45 0.083 0.023 
Atrazine 0.43 b 0.053 0.029 
Caffeine -- 0.048 0.042 
Carbamazepine 0.98 0.17 0.019 
Chloramphenicol 0.16 0.058 0.025 
Clothianidin -- 0.072 0.075 
Diclofenac 0.18 -- -- 
Diuron 0.10 -- -- 
Gemfibrozil -- -- 0.014 
Ibuprofen -- -- -- 
Iopromide 0.11 0.041 -- 
Metoprolol 1.04 0.14 0.055 
Sucralose -- 0.035 -- 
Tolyltriazole -- -- 0.033 
a and b stand for linear calibration range of one week and two weeks respectively. 
5.3.3.4 Preliminary evaluation of performance and reference compounds 
Among the five potential performance and reference compounds (PRCs) assessed in 
the experiment for evaluation of performance and reference compounds, only 
diclofenac-d4 showed a significant desorption from the graphene-silica composite 
sorbent and the desorption process follows a first-order kinetic model (as shown in 
Figure 5-26). The  value was 0.090 day
-1, which was calculated according to 
Eq.2-6). However, due to time limitation, the results can only be considered as a 
preliminary test. Further studies should be conducted to assess the efficiency of 
diclofenac-d4 as the PRCs. The uptake rates should be determined at different 
conditions (such as under the different temperatures or the different water velocity). 
After correcting with the PRCs, the uptake rates obtained under the different 
condition should be convergent. 
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Figure 5-26: Desorption kinetics of 5,6-dimethyl-1H-benzotriazol, atrazine-d5, caffeine-
3C13, 
sulfathamexazol-13C6,and diclofenac-d4 from the graphene-silica composite. 
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5.4 Application of Chemcatcher
®
 in surface water 
In the monitoring of real surface waters, 54 substances (Table 7-5) were detected by 
HPLC as the qualitative study. The same reason is also for the employment of 
SDB-RPS disks. 
During the exposure time, the highest water level of Elbe River was 112 cm and its 
lowest water level was 59 cm in the summer while in the autumn was between 72 and 
126 cm (the monitoring data was obtained from http://www.umwelt.sachsen.de). 
Thanks to the floating bridge, the changes of the water level had no influence on the 
location of Chemcatchers®, which was 12 cm under the water surface. The pH value 
of the river water was 7.64 (n=3), the conductivity was 435 µs/cm (n=3) and the flow 
rate was 0.45 m/sec (n=3) in summer and the pH value of the river water was 7.55 
(n=3), the conductivity was 442 µs/cm (n=3) and the flow rate was 0.63 m/sec (n=3) 
in autumn. The detailed parameters detected are presented in Table 5-11. 
Table 5-11: Characteristic parameters of the Elbe river water at the monitoring site. 
Date Flow rate (m/sec) Conductivity(µs/cm) pH Temperature (°C) 
2016.08.18 0.42 408 7.64 21.3 
2016.08.25 0.55 449 7.69 24.5 
2016.09.01 0.39 448 7.60 24.1 
2016.11.18 0.57 442 7.67 8.4 
2016.11.25 0.64 445 7.55 8.1 
2016.12.02 0.67 439 7.43 5.7 
 
When the cage with the passive samplers was retrieved, it can be seen that there were 
lots of unclear dirt on the surface (as shown in the left photo in Figure 5-27) and the 
disks smelt fishy. The right photo in Figure 5-27 illustrates the biofilm growing on 
bare disk surface and on the disk with PES membrane. It is very clear that the 
unprotected receiving phase submersed in the aqueous environment easily become 
colonized by bacteria and other microorganisms, which can influence uncontrollably 
the uptake rate. 
Results and discussion 
115
 
Figure 5-27: Chematcher® after the monitoring application in the Elbe River. 
Left photo: the cage with the passive sampler after one week monitoring in the Elbe River; right 
photo shows biofilm growing on the disks with and without PES membrane 
 
Seven compounds were detected in Elbe river in summer and among them no 
pesticides were found because there is no agriculture surrounding the sampling area. 
As shown in Figure 5-28, 1-H benzotriazole and tolyltriazole were found with high 
amounts on the disks as well as with high concentrations in the SPE experiments. The 
occurrence of benzotriazoles in the wastewaters in mainly caused by their application 
as anticorrosive additives in the dishwasher tablets as well as for numerous industrial 
purposes [196]. The sampling site is located under a metal bridge used as a dock for the 
sport boats. The sampling site may contribute to the high concentration of 
anticorrosive agents as well. Sucralose was the only artificial sweeteners found in the 
Elbe River. Metoprolol, iopromide, and caffeine were found on the Chemcatcher® 
disks as well. In an EU-wide monitoring survey on emerging polar organic 
contaminants in WWTP effluent, these compounds were found the highest median 
concentration levels with relative high frequency of detection [5], indicating that the 
possible pollution source could be the sewerage system. 
The accumulated amounts on the disks after 2-week exposure were notably higher 
than after 1-week exposure (Figure 7-7). For example, carbamazepine was only 
detected on the disk after 2 weeks exposure. However, from the calibration results of 
the flow-through system experiment, it was already determined that without PES 
membrane the linear phase of carbamazepine was shorter than two weeks. The 
quantitative result was therefore missing. 
In autumn, the same compounds were detected in Elbe River. 1-H benzontriazole, 
tolyltriazole, theophylline, and caffeine were the main detected pollutants. Metoprolol 
was detected only in Chemcatcher® with SDB-XC disk without PES membrane. 
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Notably the performance of graphene-silica was comparable with the commercial 
receiving phase, which indicated that graphene-silica composite can be using as an 
alternative receiving phase in Chemcatcher® (Figure 5-29). In the drinking water 
reservoir, only 1-H benzontriazole, tolyltriazole, and caffeine were still found in the 
new Chemcatcher® configuration with graphene-silica composite as receiving phase 
after one week monitoring. Their accumulated amounts were 30.5, 12, and 7.8 ng 
respectively. 
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Figure 5-28: Accumulated amounts of the substances in Chemcatcher® with different receiving 
phases in one-week monitoring experiment in the Elbe in August and November. 
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Figure 5-29: Comparison of one-week monitoring results from Chemcatcher® with commercial 
disks with PES membranes and graphene-silica composite as receiving phases in the Elbe River. 
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5.5 Discussion about problems of commercial disks as receiving 
phase in Chemcatcher
®
 
Since the research about Chemcatcher® is still an emerging field, there are numerous 
problems encountered during the experiment, but not mentioned in the literature, 
including the deformation of the commercial disk and residual particles from the disk 
in the solution. 
5.5.1 Deformation of commercial disks 
In the pre-test, it was found that after preconditioning with methanol the shape of 
SDB disks was changed slightly, from the round form to the oval form, as shown in 
the left photo in the Figure 5-30. With the suggestion from an engineer of the 3M 
Company [197], the disks should be washed with acetone and 2-propanol before 
conditioning with methanol. Furthermore, the preconditioning should be conducted by 
using the filtration apparatus: firstly, a piece of disk is placed on the funnel of the 
filtration instrument and the reservoir was clamped on the top of disk, and then the 
recommended solvent passes through the disk as precondition. The approach is 
suitable for the application of the disk as solid-phase extraction disk, however, when 
the disk was transferred to the passive sampler body, its deformation still happened. 
Especially in the flow-through system, due to the application of carousel, the shape 
changed even significantly under the centrifugal force of rotation (the right photo in 
Figure 5-30). The material composing the SDB-XC disk consist of poly 
(styrenedivinylbenzene) copolymer particles, which expands in a certain direction in 
the organic solvent during the preconditioning process, resulting in the deformation of 
the disk. The changed form has significant influence on the exposed area, and thus it 
can be influence on uptake rate and the repeatability of the calibration results. 
Results and discussion 
119 
 
  
 
Figure 5-30: Deformation of commercial disks after the preconditioning (left) and after the 
calibration in the flow-through system (right). 
In the left photo, the yellow color shows the original form of the SDB-disk while the white part is 
the deformation after the preconditioning. 
5.5.2 The particles in the solution after elution 
After eluting the SDB disk with the selected organic solvents under ultrasonification, 
the eluent was evaporated to dryness in a gentle stream of nitrogen and reconstituted 
to 1 mL with water for the HPLC measurement. However, there were obvious 
suspended particles in the solution, making it to be turbid because the constitution of 
the SDB-XC disk is not bonded to silica, but consist of 100% poly 
(styrenedivinylbenzene) copolymer particles that can be detached from the main body 
under the ultrasound. Those particles can damage permanently the sorbent of the 
HPLC column or result in high pressure/blockage of the column if the solution 
directly injected into the HPLC apparatus. Therefore, filtering the solution before 
HPLC measurement is a commonly used strategy in most literature [149]. According to 
the experimental results in the Section 5.3.1.4, it was difficult to ensure the recoveries 
for all the analytes, especially at low concentrations. Alternatively, the centrifugation 
can substitute the filtration step. However, this approach is still risky, although the 
solution became clear after the centrifugation because there may be lighter and 
invisible particles remaining in the supernatant, which can still result in the damage of 
the column.
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6. Conclusion and perspective 
In this study analytical and monitoring methods for various types of emerging 
contaminants in the aquatic matrix were developed by using graphene-silica 
composite as the SPE sorbent and as the receiving phase of Chemcatcher®. The 
presented experimental results indicated that graphene-silica composite can be a 
promising candidate that can be applied as a novel sorbent in the analytical chemistry 
field. 
In the process of synthesizing the graphene composite, a water soluble cross-link 
agent was used to combine the carboxylic acid group of graphene-oxide with the 
amino groups of the modified silica gel. Afterwards, as an innovative method, an 
environment-friendly microwave autoclave was employed for the reduction process, 
which can offer the hydrothermal reaction conditions instead of an 
environment-unfriendly chemical reducing agent. Graphene oxide was reduced to 
graphene efficiently, which was proved by XRD pattern. 
The obtained graphene-silica composite was integrated into preliminary applications 
as SPE sorbent and as the receiving phase of a passive sampler for the extraction of 
the selected emerging contaminants, which was the core part of this thesis. In the SPE 
experiments, the composite is turned out to be an ideal sorbent with π-π stacking 
interaction as the main adsorption force between the sorbent and the analytes. 
Therefore, the adsorption behavior cannot be estimated by polarity of the substance, 
but by their structure: for substances that have a larger conjugated system with 
delocalized electrons, the recovery can reach values higher than 80%. Compared with 
its commercial counterpart Oasis HLB, the change of pH value of water samples has 
less effect on the recoveries of the selected substances, making it a promising 
candidate for monitoring purposes, i.e. as the receiving phase in the passive sampler. 
In the calibration experiments of Chemcatcher®, different calibration results were 
obtained from two different experimental designs. When the uptake rate of the target 
compound cannot be estimated in advance, the beaker renewal experiment is practical 
for the feasibility studies without excessive chemical waste, while the design of a 
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flow-through system guarantees the continuous uptake, the obtained calibration 
results are therefore more accurate.  
In the beaker renewal experiments, the effect of PES membranes on the enrichment 
results was studied. When the PES membranes were employed, the accumulated 
amount on the receiving phase declined significantly, resulting in lower uptake rate 
but with a longer linear accumulation phase. In addition, the type of sorbent 
determines the diffusion behavior of the substances from the semipermeable 
membrane to the receiving phase. The new configuration using graphene composite 
powder placed between two PES membranes was shown to be able to accumulate 
more selected compounds with uptake rates from 0.01 to 0.08 L/day than its 
commercial counterpart SDB-XC disks and maintain linear accumulation kinetics 
within 2 weeks.  
In the flow-through system, when the Chemcatchers® were equipped with SDB-XC 
disks without PES membranes, the linear uptake range for most of the compounds 
was only in one week, except atrazine. The uptake rates were from 0.11 to 1.04 L/day, 
which is twice over the Rs of the same compounds obtained from the beaker renewal 
experiments. It can be derived that the calibration results from the flow-through 
system design are more accurate, because in the static renewal experiment, if the sum 
of the uptake rates of all the substances is greater than the total volume of the water 
sample in one renewal period, the continuous uptake cannot be guaranteed. However, 
the calibration results from the Chemcatchers®, which were equipped with SDB-XC 
disks with PES membranes and the graphene-silica composite can be comparable with 
their counterparts from the beaker renewal experiment due to the reduced uptake rate. 
Moreover, the linear accumulation persists over 14 days. However, the 
standardization of calibration process is necessary. Indeed, for a single substance, 
taking the atrazine as the example [198], sampling rate determined in the laboratory can 
vary greatly depending on the calibration conditions. Preliminary evaluation of 
performance and reference compounds (PRCs) showed that the desorption process of 
diclofenac-d4 form the graphene-silica composite follows a first-order kinetic model 
with the calculated  value 0.09 day
-1, making it a promising candidate as the PRCs. 
Further studies should be conducted to assess its efficiency. 
An application of this potential monitoring tool in surface water was conducted under 
the realistic environmental conditions. Out of the studied substances, 1-H 
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benzontriazole, tolyltriazole and caffeine were the main contaminants in both Elbe 
River and the Saidenbach drinking water reservoir. The differences between summer 
and autumn monitoring period were not significant. The graphene-silica composite 
turns out to be comparable with the commercial disks. 
The data in the thesis are expected to constitute a starting point of the application of 
graphene composite in analysis and monitoring of emerging contaminants. To achieve 
a more comprehensive understanding in this field, further studies are still necessary 
and the following suggestion may need to be considered: 
We have demonstrated that graphene materials as SPE sorbents are not capable to 
ensure high recovery for all target compounds. More substances are needed to be 
investigated to define the application range of this material. Moreover, since a large 
number of reactive groups exist on the surface of the graphene oxide, it should be 
easy to modify to improve the adoption performance for the specific compounds. For 
example, the introduction of sulfonic acid groups can increase the surface polarity or 
modify it into an ion-exchange sorbent. As the receiving phase in a passive sampler, 
the graphene material can also be further optimized in order to improve its uptake 
performance, such as increasing the amount or changing the proportion of graphene in 
the composite, etc. 
In the next study stage, the uptake performance of the graphene composite should be 
investigated. Due to the great impact of semi-permeable membranes on the adsorption 
behavior, it is recommended to immobilize the powdered graphene material to form a 
“graphene disk”. In this case, the graphene material can be used as the receiving phase 
in the sampler without semipermeable membranes. In fact, in the latter part of this 
work, efforts have been directly towards using sol-gel technology to immobilize 
graphene materials (as shown in Figure 6-1). However, fabrication of the 
graphene-silica composite films via sol-gel is still a challenge. Firstly, the 
development of the suitable sol-gel solution is considered paramount due to the low 
solubility of graphene in the common solvent. Although Innocenzi et al. [199] has 
already proposed a promising sol-gel method to form graphene film for the 
application of the optical device, its applicability as the sorbent is still unclear. 
Secondly, the support material is an important parameter and the amount of the 
composite material should be considered as well. Thicker support materials can hold 
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more sorbent, but the accumulated compounds may be difficult to be recovered after 
the exposure. 
 
 
 
 
Figure 6-1: “Graphene disk” formed by sol-gel technology to immobilize graphene-silica 
composite powder on the different support material: a) 200 mg graphene-silica composite fixed on 
the cotton product; b) 50 mg graphene-silica composite fixed on the textile; c) Chemcatcher® with 
graphene disk as the receiving phase.
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The internal standard were atrazine-d5 (100 ng/µL in acetone, from Dr. Ehrenstorfer 
GmbH, Augsburg Germany), diclofenac-d4, caffeine-
3C13, sulfathamexazol-
13C6, 
5,6-dimethyl-1H-benzotriazol monohydrate of purity 99%, and caffeine-13C 
purchased from Sigma-Aldrich, Steinheim, Germany. 
The protonation states of the selected compounds for the development SPE methods 
are presented in Table 7-2 (from www.I-Lab 2.0 - ilab.acdlabs.com). 
Table 7-2: Protonation states of the selected compounds under the different pH value. 
Acetamiprid pH PS1/% PS2/% 
 
 
2.9 0.89 99.11 
3.2 0.45 99.55 
3.4 0.28 99.72 
3.7 0.14 99.86 
4 0.07 99.93 
4.2 0.04 99.96 
4.5 0.02 99.98 
4.8 0.01 99.99 
5 0.01 99.99 
5.3 0 100 
5.5 0 100 
5.8 0 100 
6.1 0 100 
6.3 0 100 
6.6 0 100 
6.9 0 100 
7.1 0 100 
7.4 0 100 
7.7 0 100 
7.9 0 100 
8.2 0 100 
8.5 0 100 
8.7 0 100 
9 0 100 
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Carbamazepine pH PS1/% PS2/% 
 
 
2.9 0.16 99.84 
3.2 0.08 99.92 
3.4 0.05 99.95 
3.7 0.03 99.97 
4 0.01 99.99 
4.2 0.01 99.99 
4.5 0 100 
4.8 0 100 
5 0 100 
5.3 0 100 
5.5 0 100 
5.8 0 100 
6.1 0 100 
6.2 0 100 
6.6 0 100 
6.9 0 100 
7.1 0 100 
7.4 0 100 
7.7 0 100 
7.9 0 100 
8.2 0 100 
8.5 0 100 
8.7 0 100 
9 0 100 
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Chloramphenicol pH PS1/% PS2/% 
 
 
2.9 100 0 
3.2 100 0 
3.4 100 0 
3.7 100 0 
4 100 0 
4.2 100 0 
4.5 100 0 
4.8 100 0 
5 99.99 0.01 
5.3 99.99 0.01 
5.5 99.98 0.02 
5.8 99.97 0.03 
6.1 99.94 0.06 
6.3 99.90 0.10 
6.6 99.80 0.20 
6.9 99.60 0.40 
7.1 99.37 0.63 
7.4 98.75 1.25 
7.7 97.54 2.46 
7.9 96.15 3.84 
8.2 92.61 3.84 
8.5 86.26 13.73 
8.7 79.85 20.14 
9 66.51 33.46 
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Clothianidin pH PS1/% PS2/% PS3/% 
 
 
 
2.9 24.44 75.56 0 
3.2 13.95 86.05 0 
3.4 9.28 90.72 0 
3.7 4.88 95.12 0 
4 2.50 97.49 0 
4.2 1.60 98.40 0 
4.5 0.81 99.19 0 
4.8 0.41 99.59 0 
5 0.26 99.74 0 
5.3 0.13 99.87 0 
5.5 0.08 99.92 0 
5.8 0.04 99.96 0 
6.1 0.02 99.98 0 
6.3 0.02 99.98 0 
6.6 0.01 99.99 0 
6.9 0 99.99 0.01 
7.1 0 99.98 0.02 
7.4 0 99.96 0.04 
7.7 0 99.93 0.07 
7.9 0 99.88 0.12 
8.2 0 99.77 0.23 
8.5 0 99.54 0.46 
8.7 0 99.27 0.73 
9 0 98.56 1.44 
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Diazepam pH PS1/% PS2/% 
 
 
 
2.9 77.98 21.99 
3.2 63.98 36.00 
3.4 52.85 47.13 
3.7 35.97 64.01 
4 21.97 78.02 
4.2 15.09 84.91 
4.5 8.18 91.82 
4.8 4.27 95.73 
5 2.74 97.26 
5.3 1.39 98.61 
5.5 0.88 99.12 
5.8 0.44 99.56 
6.1 0.22 99.78 
6.3 0.14 99.86 
6.6 0.07 99.93 
6.9 0.04 99.96 
7.1 0.02 99.98 
7.4 0.01 99.99 
7.7 0.01 99.99 
7.9 0 100 
8.2 0 100 
8.5 0 100 
8.7 0 100 
9 0 100 
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Diclofenac pH PS1/% PS2/% 
 
 
2.9 96.59 3.41 
3.2 93.41 6.59 
3.4 89.94 10.06 
3.7 81.76 18.24 
4 69.20 30.80 
4.2 58.64 41.36 
4.5 41.54 58.46 
4.8 26.26 73.74 
5 18.35 81.65 
5.3 10.12 89.88 
5.5 6.63 93.37 
5.8 3.44 96.56 
6.1 1.75 98.25 
6.3 1.11 98.89 
6.6 0.56 99.44 
6.9 0.28 99.72 
7.1 0.18 99.82 
7.4 0.09 99.91 
7.7 0.04 99.96 
7.9 0.03 99.97 
8.2 0.01 99.99 
8.5 0.01 99.99 
8.7 0 100 
9 0 100 
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Metoprolol pH PS1/% PS2/% 
 
 
 
 
2.9 100 0 
3.2 100 0 
3.4 100 0 
3.7 100 0 
4 100 0 
4.2 100 0 
4.5 100 0 
4.8 100 0 
5 100 0 
5.3 99.99 0.01 
5.5 99.99 0.01 
5.8 99.98 0.02 
6.1 99.96 0.04 
6.3 99.94 0.06 
6.6 99.87 0.13 
6.9 99.75 0.25 
7.1 99.60 0.40 
7.4 99.21 0.79 
7.7 98.43 1.57 
7.9 97.53 2.47 
8.2 95.19 4.80 
8.5 90.85 9.15 
8.7 86.23 13.76 
9 75.84 24.15 
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Acesulfame pH PS1/% PS2/% PS3/% 
 
 
 
 
 
2.9 0.05 99.95 0 
3.2 0.03 99.97 0 
3.4 0.02 99.98 0 
3.7 0.01 99.99 0 
4 0 100 0 
4.2 0 100 0 
4.5 0 100 0 
4.8 0 99.99 0.01 
5 0 99.99 0.01 
5.3 0 99.98 0.02 
5.5 0 99.97 0.03 
5.8 0 99.94 0.06 
6.1 0 99.87 0.13 
6.3 0 99.80 0.20 
6.6 0 99.60 0.40 
6.9 0 99.21 0.79 
7.1 0 98.76 1.24 
7.4 0 97.55 2.45 
7.7 0 95.23 4.77 
7.9 0 92.64 7.36 
8.2 0 86.32 13.68 
8.5 0 75.97 24.03 
8.7 0 66.61 33.39 
9 0 50.00 50.00 
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Aspartame pH PS1/% PS2/% PS3/% PS4/% 
 
 
 
 
 
 
2.9 25.13 74.86 0 0 
3.2 14.40 85.59 0 0 
3.4 9.60 90.39 0 0 
3.7 5.05 94.93 0.01 0 
4 2.60 97.38 0.02 0 
4.2 1.65 98.31 0.03 0 
4.5 0.84 99.10 0.05 0 
4.8 0.42 99.46 0.11 0 
5 0.27 99.55 0.17 0 
5.3 0.13 99.51 0.35 0 
5.5 0.08 99.36 0.55 0 
5.8 0.04 98.86 1.09 0 
6.1 0.02 97.81 2.15 0 
6.3 0.01 96.59 3.36 0 
6.6 0.01 93.45 6.49 0 
6.9 0 87.74 12.16 0 
7.1 0 81.87 17.98 0 
7.4 0 69.36 30.40 0.01 
7.7 0 53.15 46.48 0.02 
7.9 0 41.72 57.82 0.04 
8.2 0 26.39 72.98 0.09 
8.5 0 15.22 83.95 0.21 
8.7 0 10.16 88.84 0.35 
9 0 5.34 93.24 0.73 
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Ibuprofen pH PS1/% PS2/% 
 
 
2.9 96.17 3.83 
3.2 92.64 7.36 
3.4 88.82 11.18 
3.7 79.92 20.08 
4 66.61 33.39 
4.2 55.73 44.27 
4.5 38.69 61.31 
4.8 24.03 75.97 
5 16.63 83.37 
5.3 9.09 90.91 
5.5 5.94 94.06 
5.8 3.07 96.93 
6.1 1.56 98.44 
6.3 0.99 99.01 
6.6 0.50 99.50 
6.9 0.25 99.75 
7.1 0.16 99.84 
7.4 0.08 99.92 
7.7 0.04 99.96 
7.9 0.03 99.97 
8.2 0.01 99.99 
8.5 0.01 99.99 
8.7 0 100 
9 0 100 
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Triclosan pH PS1/% PS2/% 
 
 
2.9 100 0 
3.2 100 0 
3.4 100 0 
3.7 100 0 
4 100 0 
4.2 100 0 
4.5 99.99 0.01 
4.8 99.99 0.01 
5 99.98 0.02 
5.3 99.97 0.03 
5.5 99.95 0.05 
5.8 99.90 0.10 
6.1 99.80 0.20 
6.3 99.69 0.31 
6.6 99.37 0.63 
6.9 98.76 1.24 
7.1 98.05 1.95 
7.4 96.18 3.82 
7.7 92.65 7.35 
7.9 88.84 11.16 
8.2 79.96 20.04 
8.5 66.66 33.34 
8.7 55.78 44.22 
9 38.73 61.27 
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7.1.2 Silica gel and graphene oxide 
The Nucleodur 100-50 silica gel employed in the study are spherical with the average 
diameter 52.7 µm and pore size 110 Å. The surface area from the BET test is 
327 m2/g. The graphene oxide purchased from Sigma-Aldrich is flake or power form. 
7.1.3 Microwave reduction program 
The heating procedure for microwave hydrothermal reduction: 1200 W for 10 min 
and hold 800 W for 1 h. The cooling-down process was carried out with ventilation. 
The whole procedure took 1 h50 min. 
7.1.4 Working schedule of the calibration experiments in flow-through 
system 
The working schedule of the calibration in the flow-through system was designed 
based on the results from the beaker renewal experiment and summarized in the 
Table 7-3. The amount of samplers employed was limited by the available disks and 
the graphene-silica composite material. 
Table 7-3: Working schedule of the calibration experiments in the flow-through system. 
XC disk without PES membranes 
No. Starting Date Finishing Date Amount of samplers Exposure time/day 
1 31.01.2017 14.02.2017 2 14 
2 31.01.2017 12.02.2017 2 12 
3 31.01.2017 10.02.2017 2 10 
4 31.01.2017 08.02.2017 2 8 
5 31.01.2017 07.02.2017 1 7 
6 31.01.2017 06.02.2017 2 6 
7 31.01.2017 05.02.2017 1 5 
8 05.02.2017 09.02.2017 2 4 
9 06.02.2017 09.02.2017 1 3 
10 07.02.2017 09.02.2017 2 2 
11 08.02.2017 09.02.2017 1 1 
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XC disk with PES membranes 
No. Starting Date Finishing Date Amount of samplers Exposure time/day 
1 22.02.2017 08.03.2017 2 14 
2 22.02.2017 06.03.2017 2 12 
3 22.02.2017 04.03.2017 2 10 
4 22.02.2017 02.03.2017 2 8 
5 22.02.2017 01.03.2017 1 7 
6 22.02.2017 28.02.2017 2 6 
7 22.02.2017 27.02.2017 1 5 
8 27.02.2017 03.03.2017 2 4 
9 28.02.2017 03.02.2017 1 3 
10 01.03.2017 03.03.2017 2 2 
11 02.03.2017 03.03.2017 1 1 
 
200 mg graphene-silica as the receiving phase 
No. Starting Date Finishing Date Amount of samplers Exposure time/day 
1 07.06.2017 21.06.2017 1 14 
2 07.06.2017 17.06.2017 1 10 
3 07.06.2017 14.06.2017 1 7 
4 07.06.2017 12.06.2017 1 5 
5 07.06.2017 10.06.2017 1 3 
6 07.06.2017 09.06.2017 1 2 
7 07.06.2017 08.06.2017 1 1 
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7.1.5 HPLC-MS/MS conditions 
A multi-step gradient was applied and the optimized gradient conditions of the 
chromatographic separation are presented in Table 7-4. The multiple reaction 
monitoring (MRM) modes was used for the quantitative analysis. Two MRM 
transitions were considered for all target analytes and the relevant parameters and m/z 
ratios are shown in Table 7-5 
Table 7-4: Gradient condition of the eluents for the chromatographic separation. 
ESI Model Time/min A% B% 
ESI (+) 
0-2 90 10 
2-10 90→0 10→100 
10-11 0 100 
11-12 0→90 100→10 
12-16 90 10 
ESI (+) for Multi a 
0-2 90 10 
2-10 90→0 10→100 
10-14 0 100 
14-15 0→90 100→10 
15-20 90 10 
ESI (-) 
0-1 75 25 
1-2.5 75→0 25→100 
2.5-5.5 0 100 
5.5-6 0→75 100→25 
6-10 75 25 
ESI (-) for Multi 
0-1 60 40 
1-8 60→0 40→100 
8-10 0 100 
10-11 0→60 100→40 
11-17 60 40 
a ESI for multi stands for the qualitative monitoring study in the real environmental water 
  
Annex 
147 
 
Table 7-5: MRM parameters of the HPLC-MS/MS screen method for both qualitative and 
quantitative study, including m/z ratios selected in Q1 and Q3, as quantifier and qualifier ion 
respectively, as well as the respective declustering potential (DP),energy potential (EP), collision 
energy (CE), and collision cell exit potential (CXP). 
Name 
Q1/Q3 quantifier 
[m/z] 
Q1/Q3 quantifier 
[m/z] 
DP/[V] EP/[V] 
1H-Benzotriazol 120.0/65.0 120.0/92.2 46 9.5 
4-DMA-Antipyrin 232.1/113.1 232.1/97.1 31 4.5 
4-IP-Antipyrin 231.1/56.2 231.1/189.2 51 4.5 
5,6-DM-1H-Benzotriazol 148.1/77.1 148.1/93.1 46 4 
Acetamiprid 223.1/126.1 223.1/99.1 41 4.5 
Ametryn 228.1/186.2 228.1/68.1 46 4.5 
Amidotrizoat 614.8/361.1 614.8/233 46 9.5 
Atenolol 267.2/145.2 267.2/190.1 41 3.5 
Atenolol-d7 274.2/145.2 274.2/123.3 46 6.5 
Atrazin-d5 221.1/179.1 221.1/101.2 41 3.5 
Atrazin 216.1/174.2 216.1/104.1 41 4.5 
Atrazin-desethyl 188.1/146.2 188.1/104.1 36 8 
Atrazin-desisopropyl 174.0/96.1 174.0/104 41 3.5 
Bezafibrat 362.1/139 362.1/121.2 36 8 
Carbamazepine 237.1/194.2 237.1/192.2 41 4.5 
Carbofuran 222.1/165.2 222.1/123.1 31 7.5 
Ciprofloxacin 332.1/314.2 332.1/231.2 41 3.5 
Clothianidin 250.0/169.1 250.0/132.1 26 6 
Caffeine 195.1/138.2 195.1/42.1 46 5.5 
Caffeine-13C 198.1/140.2 198.1/43.1 41 4.5 
Cotinine 177.1/80.2 177.1/98.2 41 3.5 
Diazepam 285.1/154.2 285.1/193.1 56 3.5 
Diclofenac-d4 300.0/218.1 300.0/254.2 26 5 
Diclofenac 296.0/214.1 296.0/250.2 21 5 
Diuron 233.0/72.2 233.0/46.1 46 4 
Gabapentin 172.1/154.2 172.1/137.2 31 4 
Glyphosat 170.0/88.0 170.0/41.9 21 8 
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Hexazinon 253.1/171.2 253.1/71.1 36 4 
Iohexol 822.0/894 822.0/375.1 46 9.5 
Iomeprol 777.9/405.0 777.9/558.9 56 8 
Iopamidol 777.9/559.0 777.9/541.9 51 10 
Iopromid 791.9/300 791.9/573 51 10 
Isoproturon 207.1/72.1 207.1/46.1 41 4.5 
Linuron 249/160.1 249/182.1 36 6 
Loratidin 383.2/337.2 383.2/267.2 51 7 
Metformin 130.1/71.1 130.1/60.1 26 3.5 
Metoprolol 268.2/116.2 268.2/74 46 3 
Metoprolol-d7 275.2/123.2 275.2/105.3 46 4.5 
N,N-Dimethylsulfamid 125.0/108.1 125.0/44.1 26 8.5 
Naproxen 231.1/185.2 231.1/170.2 31 10 
Paracetamo 152.1/110.2 152.1/65 41 3 
Phenazon 189.1/56.1 189.1/77.1 46 8 
Primidon 219.1/162.2 219.1/91.1 26 8.5 
Propanil 218.0/162.1 218.0/127.1 46 4.5 
Ranitidin 315.2/176.2 315.2/130.1 31 6 
Simazin 202.1/124.2 202.1/132.2 41 7.5 
Sulfadiazin 251.0/156.2 251.0/92.2 36 4 
Sulfamethoxazol 254.0/92.1 254.0/156.1 36 4.5 
Sulfamethoxazol-13C6 260.0/98.2 260.0/162.1 36 7 
Terbutryn 242.1/186.2 242.1/68.1 41 6.5 
Theophyllin 181.1/124.1 181.1/96.2 46 7 
Tolytriazol 134.0/77.1 134.0/79.1 46 8.5 
Trimethoprim 291.1/123.2 291.1/230.3 51 5 
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7.2 Experimental results  
7.2.1 Stability of the colloid solution of graphene oxide 
After standing one month, the colloid solution of graphene oxide at 0.5 g/L was stable 
without precipitation (left) while the aggregation of GO appeared at 1 g/L 
concentration (right). 
 
Figure 7-1: Colloid solution of graphene oxide after standing one month (the concentration of 
the graphene oxide in the left beaker was at 0.5 g/L, while in the right one was at 1 g/L). 
7.2.2 EDX analysis results 
The spectrum and the determined composition of original silica gel, graphene 
oxide-silica and graphene-silica by the energy-dispersive X-ray (EDX) spectroscopy 
are shown in Figure 7-2. 
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 Line Type k Factor k Factor type Wt% Wt% Sigma Atomic % 
C K series 0.606 Theoretical 3.93 0.91 5.76 
N K series 1.038 Theoretical 0.00 0.00 0.00 
O K series 0.634 Theoretical 71.91 0.79 79.10 
Si K series 1.000 Theoretical 24.16 0.47 15.14 
Total    100.00  100.00 
a) original silica gel. 
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 Line Type k Factor k Factor type Wt% Wt% Sigma Atomic % 
C K series 0.606 Theoretical 11.49 0.91 16.15 
N K series 1.038 Theoretical 1.40 1.59 1.69 
O K series 0.634 Theoretical 65.54 1.30 69.19 
Si K series 1.000 Theoretical 21.57 0.55 12.97 
Total    100.00  100.00 
b) graphene oxide-silica. 
 
 
 
 Line Type k Factor k Factor type Wt% Wt% Sigma Atomic % 
C K series 0.606 Theoretical 22.92 1.09 30.40 
N K series 1.038 Theoretical 5.69 1.76 6.48 
O K series 0.634 Theoretical 52.83 1.27 52.60 
Si K series 1.000 Theoretical 18.55 0.58 10.52 
Total    100.00  100.00 
c) graphene-silica. 
Figure 7-2: The spectrum and the determined composition of: a) original silica gel, b) graphene 
oxide-silica, and c) graphene-silica. 
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7.2.3 HPLC-MS/MS results 
Under the optimized conditions of the eluents for HPLC measurement, the 
chromatographic separation HPLC chromatogram of selected compounds in SPE 
experiments is presented in Figure 7-3. 
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Figure 7-3: Chromatogram of selected compounds for the SPE: a) in the positive electrospray 
ionization ESI mode and b) in negative electrospray ionization ESI (-) mode. 
7.2.4 Calibrating results of the beaker renewal experiment 
The Linear regression for the uptake kinetics of selected compounds when the 
SDB-XC disks with membranes were employed as receiving phase in the renewal 
experiment is present in the Figure 7-4. 
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Figure 7-4: Linear regression for the uptake kinetics of selected compounds. SDB-XC disks 
with membranes as receiving phase in the renewal experiment. 
The Linear regression for the uptake kinetics of selected compounds when the 
graphene-silica composite was applied as receiving phase in the renewal experiment 
is present in Figure 7-5. 
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Figure 7-5: Linear regression for the uptake kinetics of selected compounds. Graphene-silica 
composite with membranes as receiving phase in the renewal experiment. 
7.2.5 Calibrating results of the flow-through system experiments 
The uptake kinetics of selected compounds when the SDB-XC disks without 
membranes were employed as receiving phase in the flow-through system is 
presented in Figure 7-6. 
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Figure 7-6: Uptake kinetics of the selected compounds. SDB-XC disks without membranes as 
receiving phase in the flow-through system.  
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7.2.6 Monitoring results in the Elbe River 
The accumulated amount of the substances in Chemcatcher® with different receiving 
phases within two weeks monitoring experiment in the Elbe River in August and 
November is presented in Figure 7-7. 
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Figure 7-7: Accumulated amount of the substances in Chemcatcher® with different receiving 
phases in two weeks monitoring experiment in the Elbe in August and November.
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